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CHAPTER 1. INTRODUCTION 
The mechanisms of species coexistence and diversity constitute the foundation of 
community ecology, yet the identity of these mechanisms remain as important questions 
in ecology (Sutherland et al., 2013).  Current theory indicates that coexistence occurs as 
species face multiple limiting factors, such as finite resources or consumers, and trade off 
in their ability to cope with these limitations (Holt, 1977; Chase and Leibold, 2003).  
Therefore, consumers should promote resource diversity, as in the case of herbivores and 
plants.  However, in practice, herbivores do not always affect plant diversity as predicted 
(e.g., Hillebrand et al., 2007).  My dissertation examines potential mechanisms by which 
herbivores may, and may not, affect plant diversity. 
Trade-Offs and Herbivory in Ecological Theory 
Multiple hypotheses have been suggested to explain how species coexist despite 
competition for limited resources, each essentially concluding that species must differ in 
their responses to some aspect of the environment.  This conclusion was first reached in 
the models developed by Lotka (1925) and Volterra (1926) showing that species may 
coexist when intraspecific competition exceeds interspecific competition.  Hutchinson 
(1959) later proposed essentially the same hypothesis, though in different terms, in his 
description of functional differences among species limiting interspecific competition.  
However, considering only the effects of competition ignores the possibility that 
interactions with higher trophic levels may also contribute to stable coexistence. 
Predator-mediated relationships between lower trophic levels were formalized by 
Holt (1977) in his models of apparent competition.  Holt found that apparent competition 
will generally reduce diversity in a community, but his model assumed that there was no 
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direct competition among prey.  However, even when considering predation alone, 
coexistence may still occur under two conditions: first, the species that is more resistant 
to predation must have greater intraspecific competition than the species that is less 
resistant to predators.  In other words, the better defended species must be less suited to 
the environment in the absence of predation than the poorly defended species.  Second, 
the better defended species must have a relatively small effect on the predator population 
compared to the poorly defended species.  These differences may be considered as 
“niche” differences, referred to as the stabilizing mechanism by Chesson (2000), and are 
considered more explicitly below.  As an alternative to these two conditions, coexistence 
in the apparent competition model is also possible if all species have similar ratios of 
predation to growth rates, leading to similar fitness.  This similarity is the equalizing 
mechanism described by Chesson (2000), but is unlikely to occur frequently in nature and 
will result in stochastic loss of species over time.  Thus, the apparent competition model 
suggests that trade-offs between resistance and competitive ability are necessary to fully 
explain stable coexistence in the presence of a shared predator. 
Holt et al. (1994) eventually combined the effects of competition and predation in 
determining the rules for coexistence in relation to competition-defense trade-offs.  As 
suggested by earlier iterations, this later model confirmed the two conditions necessary 
for stable coexistence of competing species with a shared predator.  First, a trade-off must 
exist between competitive ability and predation resistance and, second, each species must 
have a greater effect on the factor it is most limited by.  Thus, the better defended species 
must be the poorer competitor and, second, have a smaller positive effect on the predator 
population than the poorly defended species as suggested by the apparent competition 
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model (Holt, 1977).  While broader than earlier coexistence models that only accounted 
for competition for limited resources, apparent competition models were still limited to 
two environmental factors (i.e., competition and predation).  These and other models 
were eventually combined in the more general resource-consumer niche model (Chase 
and Leibold, 2003). 
The resource-consumer niche model provides two conditions for species 
coexistence.  While I describe these conditions in terms of plant communities and 
herbivores, the consumer-resource model may apply to any combination of potentially 
limiting environmental variables or community types.  The first condition for coexistence 
in the resource-consumer niche model requires that interspecific trade-offs must exist 
among traits that maximize population growth in relation to different environmental 
variables (Chase and Leibold, 2003).  For example, a competitively dominant plant that 
diverts resources to competition will have fewer resources available to withstand 
herbivory and vice versa.  It should be noted at this point that competition among plants 
can take place both below and above ground.  While belowground competition is 
determined by traits such as nutrient acquisition and allelopathy, aboveground 
competition is determined by traits including, but not limited to, growth rate.  Thus, 
following the resource-consumer niche model, it is possible that herbivores may promote 
coexistence among plant species if there are inter-specific trade-offs between defense 
against herbivory and growth or competitive ability.  Accordingly, such trade-offs have 
been observed among plants as defenses against herbivory commonly impose costs on 
growth (Lind et al., 2013) and competitive ability (Viola et al., 2010) in the absence of 
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herbivory (Strauss et al., 2002).  Thus, plant communities generally meet the first 
condition for herbivore-mediated coexistence under the resource-consumer niche model. 
Assuming the first condition is met, coexistence will then only occur if each 
species has a greater impact on its own limiting factor than those limiting other species.  
In terms of consumer-mediated coexistence, the better competitor must have a greater 
impact on resource availability while the well defended plant must have the greater 
impact on herbivore abundance.  This condition has been observed in plant communities 
as poorly defended plants can have a greater positive effect on local herbivore 
populations than well defended plants (e.g., McNaughton, 1978; Holt and Kotler, 1987; 
Caccia et al., 2006) and well defended plants may draw down and retain resources to a 
greater extent than poorly defended species (Coley et al., 1985).  Therefore, plant 
communities also meet the second condition for herbivore-mediated coexistence. 
The consumer-resource model, resulting from nearly 90 years of theory, supports 
the conclusion that the addition of any new environmental variable, such as herbivores, 
will increase or maintain greater levels of diversity.  However, in practice, the addition or 
removal of herbivores does not always increase or decrease plant diversity, respectively, 
as predicted (Hillebrand et al., 2007).  My dissertation addresses the relationships 
between plant diversity and herbivores, including potential mechanisms by which 
herbivores may affect plant diversity, using empirical approaches in the context of 
ecological restoration and theoretical modeling as described below. 
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Dissertation Outline 
Chapter 2: Herbivores safeguard plant diversity by reducing variability in dominance 
Herbivores predominantly increase plant diversity in grasslands across the globe 
by limiting chronic increases in the mass of dominant species, thus increasing light 
availability and species richness (Borer et al., 2014).  However, in addition to gradual, 
chronic shifts in dominance, brief periods in which conditions favor dominance by one or 
a few species may also reduce species richness through competitive exclusion.  
Herbivores may restrain dominance during these periods by consuming dominant, or 
potentially dominant, species, thus providing a stabilizing effect on community 
dominance over time while helping to maintain plant diversity.  In terms of the 
coexistence theories discussed above, herbivores may support plant diversity by limiting 
the intensity of competition during brief periods, effectively maintaining the requirements 
for coexistence. 
In Chapter Two, I tested this hypothesis by reducing herbivore abundance in a 
detailed, ongoing study of a developing tallgrass prairie restoration paired with data from 
the Nutrient Network, a collaborative study that experimentally excludes terrestrial, 
vertebrate herbivores in grasslands across the globe.  If herbivores stabilize plant 
communities by consuming dominant species, inter-annual variability in community 
evenness, the inverse of dominance, should be greater in the absence than the presence of 
herbivores.  Moreover, if brief periods of dominance lead to competitive exclusion, then 
greater variability (i.e., instability) in community evenness should be associated with 
greater species loss over time. 
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Chapter 3: Light is not a limiting factor to species richness in tallgrass prairies 
Commonly observed decreases in plant diversity following a loss or reduction in 
herbivores are often hypothesized to result from increased competition for light as greater 
community biomass and cover shade colonizing seedlings and subordinate species (Borer 
et al., 2014).  This effect of herbivory follows theories of coexistence as those species 
that are competitively dominant in aboveground competition for light are also the most 
responsive to the absence of herbivore in terms of growth.  However, contrary to this 
general trend, experiments manipulating light have both decreased (Gibson, 1988; 
Rajaniemi, 2002; Stevens and Carson, 2002; Hautier et al., 2009; Dickson and Foster, 
2011) and increased (Carson and Pickett, 1990; Dickson and Foster, 2011) plant 
diversity.   
Studies that have separated the effects of light and water availability suggest that 
increased light can decrease plant diversity by increasing heat stress or water limitation 
(Carson and Pickett, 1990; Goldberg and Miller, 1990; Martin and Wilsey, 2006).  
Following this latter hypothesis, as herbivores consume biomass and increase light 
availability they may be expected to exert both positive and negative effects on plant 
diversity depending on local conditions.  In terms of coexistence theory, herbivores may 
decrease or increase the competitive environment by reducing the abundance of 
competitors or the availability of resources, respectively.  Given the idiosyncratic effects 
of environment despite the predominantly positive, rather than mixed, effects of 
herbivory on plant diversity (Borer et al., 2014), both of these hypotheses cannot be 
correct.   
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I tested these hypotheses by comparing light compensation points (i.e., the 
amount of light required for a plant to balance carbon consumption through cellular 
respiration with carbon assimilation through photosynthesis) of tallgrass prairie species to 
light availability in prairie subcanopies.  Light compensation points less than typical light 
availabilities would indicate that seedlings are not light limited in tallgrass prairies.  
Furthermore, I tracked seedling survival in response to differences in light availability 
and community diversity, a factor commonly related to light availability (Balvanera et al., 
2006).  Increased seedling survival in conditions with less light (e.g., artificial shading 
and increased community diversity) would similarly suggest that seedlings, and, 
therefore, colonization of new species and propagation of already established species, are 
not limited by light.  If these predictions hold, then we may conclude that herbivores 
promote plant diversity through some other mechanism(s) than increasing light 
availability as previously proposed. 
Chapter 4: Defensive trade-offs are not prerequisites to plant diversity in a two species 
model 
Thus far, I have focused on the balance between herbivory and competition for 
resources as determinants of plant diversity as suggested by coexistence theory.  In 
Chapter Two, I suggest that herbivores may increase or maintain plant diversity by 
limiting competitive dominance by one or a few species for brief periods of time.  In 
Chapter Three, I suggest that herbivores will increase plant diversity by limiting 
competitive dominance for light when plant growth is not restricted by competition for 
other resources, such as water.  In both scenarios, herbivores are expected to increase 
plant diversity when preferentially consuming a competitively dominant or faster 
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growing species.  Thus, inter-specific trade-offs between anti-herbivore defenses and 
competitive ability or growth are expected to result in greater plant diversity in the 
presence of herbivores.  Indeed, global experiments show that interspecific trade-offs are 
common between plant defense and growth or competitive ability (Viola et al., 2010; 
Lind et al., 2013); however, the positive effects of herbivory on plant diversity are far less 
commonly observed (Hillebrand et al., 2007).   
To disentangle the relationships among growth, direct and apparent competition 
(Holt, 1977), and defense in relation to plant diversity, I built a three-species model 
mimicking Lotka-Volterra dynamics (Lotka, 1925; Volterra, 1926), but allowing 
compensatory regrowth (Noy-Meir, 1975; McNaughton, 1983; Turchin and Batzli, 2001), 
depicting two competing species with a shared consumer (Holt, 1977; Turchin and Batzli, 
2001).  This model allows me to determine whether or not defensive trade-offs are 
necessary for herbivores to increase plant diversity as widely assumed base on 
coexistence theory.   
Chapter 5: Building schemas to improve student learning in ecology 
Ecological relationships such as those discussed above are ranked by college 
students as the most important concepts taught in introductory ecology classes (Powers 
2010); however, traditional approaches to education may not always represent the best 
option for conveying these ideas to students (D’Avanzo 2003).  Indeed, students are 
distinguished from experts in their inability to relate new information to what they 
already have learned, instead viewing all facts of an unfamiliar subject as disjunct, 
unconnected units of approximately equal importance (Schmidt et al., 1989; Regehr and 
Norman, 1996; Gobet and Simon, 2000; Newman, Catavero, and Wright, 2012).  
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Therefore, in Chapter Five, I present a study testing a method to improve learning by 
encouraging students to actively organize new information within their existing 
frameworks of knowledge. 
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CHAPTER 2. HERBIVORES SAFEGUARD PLANT DIVERSITY BY 
REDUCING VARIABILITY IN DOMINANCE 
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Summary 
1. Reductions in community evenness can lead to local extinctions as dominant 
species exclude subordinate species; however, herbivores can prevent competitive 
exclusion by consuming otherwise dominant plant species, thus increasing 
evenness.  While these predictions logically result from chronic, gradual reductions in 
evenness, rapid, temporary pulses of dominance may also reduce species richness.  Short 
pulses of dominance can occur as biotic or abiotic conditions temporarily favor one or a 
few species, manifested as increased temporal variability (the inverse of temporal 
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stability) in community evenness.  Here, we tested whether consumers help maintain 
plant diversity by reducing the temporal variability in community evenness.   
2. We tested our hypothesis by reducing herbivore abundance in a detailed study 
of a developing, tallgrass prairie restoration.  To assess the broader implications of the 
importance of herbivory on community evenness as well as potential mechanisms, we 
paired this study with a global herbivore-reduction experiment. 
3. We found that herbivores maintained plant richness in a tallgrass prairie 
restoration by limiting temporary pulses in dominance by a single species.  Dominance 
by an annual legume in a single year was negatively associated with species richness, 
suggesting that short pulses of dominance may be sufficient to exclude subordinate 
species.   
4. The generality of this site-level relationship was supported by the global 
experiment in which inter-annual variability in evenness declined in the presence of 
vertebrate herbivores over timeframes ranging in length from 2-5 years, preventing losses 
of subordinate plant species.  Furthermore, inter-annual variability of community 
evenness was also negatively associated with pre-treatment species richness.   
5. Synthesis: A loss or reduction in herbivores can destabilize plant communities 
by allowing brief periods of dominance by one or a few species, potentially triggering a 
feedback cycle of dominance and extinction.  Such cycles may not occur immediately 
following the loss of herbivores, being delayed until conditions allow temporary periods 
of dominance by a subset of plant species.   
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Introduction 
Changes in relative abundance within plant communities may occur in response to 
factors such as disturbance (Yuan et al., 2016), climate (Post and Pedersen, 2008; 
Kaarlejärvi et al., 2013; Post, 2013; Pardo et al., 2015; Sullivan et al., 2016), disease 
(Creissen et al., 2016), the loss or appearance of enemies or mutualists (Morris et al., 
2007), or a sudden resource pulse (Hillebrand et al., 2007; Yang et al., 2008; Kaarlejärvi 
et al., 2013), as well as interactions among these or other factors.  Such environmental 
factors may allow temporary periods of increased dominance by one or a few species 
beyond what would be considered “normal” levels (hereafter referred to as “pulses” of 
dominance).  Increased dominance beyond that commonly experienced in a community 
may pose the greatest threat to diversity when already dominant species increase in 
abundance, a potentially likely event as many dominant species are more responsive to 
changes in abundance than are subordinate or rare species (Grime, 1977; Sutton and 
Morgan, 2009).   
Sufficiently strong pulses of dominance can lead to losses of subordinate species 
(Wilsey and Polley, 2004; Hautier et al., 2009).  However, consumers may prevent these 
losses in diversity by restraining dominance during temporary, as well as prolonged (e.g., 
persistent nutrient additions as in Borer et al., 2014b), periods when conditions are 
favorable for potentially dominant species (Fig. 1).  If so, herbivores that normally 
consume potentially-dominant species may become critical to maintaining plant diversity 
during these periods (Connell, 1971; Janzen, 1970).  Accordingly, herbivores can reduce 
mean plant biomass while also increasing the temporal stability of the plant community 
(Eisenhauer et al., 2011), potentially limiting over-shading and exclusion (Gibson, 1988; 
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Stevens and Carson, 2002; Hautier et al., 2009; Borer et al., 2014b).  These equalizing 
effects on plant fitness, which stabilize plant diversity, may be most common in the 
presence of large, less selective herbivores (Bakker et al. 2006), though smaller, specialist 
herbivores may have the same effect when consuming dominant species (e.g., Carson and 
Root, 1999; Carson and Root, 2000; Howe and Brown, 2000).  However, human 
activities have decreased or limited the movements of many large herbivores populations 
(Dirzo et al., 2014; Ripple et al., 2015), potentially destabilizing plant communities. 
When herbivores are lost or reduced, resulting periods of increased dominance by 
one or a few plant species, even if relatively temporary, may have lasting effects on plant 
diversity.  Losses in plant diversity following increased dominance may persist for 
multiple growing seasons depending on the dispersal and colonization rates of extirpated 
species (Cadotte, 2006) and the priority effects imposed by remaining species (Fukami, 
2015), particularly in the continued absence of herbivores (Martin and Wilsey, 2006; 
Isbell et al., 2013; Isbell et al., 2015; Storkey et al., 2015).  Moreover, decreased plant 
diversity can further destabilize communities by reducing resistance and resilience to 
disturbance (e.g., McNaughton, 1985; Duffy, 2002; Caldeira et al., 2005; Isbell et al., 
2015), potentially increasing the probability of future pulses of dominance by the same or 
other species.  Losses in plant diversity are also associated with decreased stability of 
plant community biomass (McNaughton, 1985; Caldeira et al., 2005; Tilman et al., 2006; 
Isbell et al., 2009; Eisenhauer et al., 2011; Hautier et al., 2015), suggesting increased 
variability in the likelihood of over-shading (e.g., Borer et al. 2014b).  This potential 
feedback of decreased stability leading to species loss, which in turn further reduces 
stability, could contribute to an “extinction cascade” (sensu Valiente-Banuet and Verdú, 
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2013; Fig. 1).  By stabilizing evenness over time, herbivores may help avoid such losses 
and maintain plant richness.  Thus, the stabilizing effect of herbivory during pulses of 
dominance, in addition to persistent reductions in biomass and mean evenness (Borer et 
al., 2014b), may also maintain plant diversity. 
We propose that herbivores maintain plant diversity, in part, by limiting strong, 
yet temporary, pulses of dominance that would otherwise exclude subordinate species.  
We tested this hypothesis by experimentally reducing herbivore abundances in 
communities of high and low diversity within a developing grassland in the U.S. 
Midwest, further assessing the generality and potential mechanisms influencing the 
relationships between herbivory, stability, and diversity in a global herbivore reduction 
experiment.  We predict that: 
1. Reduced herbivore abundance allows pulses of increased dominance by one or a 
few species (Fig. 1a), manifested as increased inter-annual variability (the inverse 
of stability) of community evenness, that is associated with a loss of species (Fig. 
1c-d).   
2. Losses in species diversity following herbivore reductions are associated with 
increased variability in biomass and light (Fig. 1b-e).   
3. If species richness moderates temporal variability (McNaughton, 1985; Isbell et 
al., 2009; Eisenhauer et al., 2011), then initial plant richness is negatively 
associated with inter-annual variability, potentially leading to a positive feedback 
(Fig. 1b-h). 
4. Herbivore loss drives spatial homogenization through lower species richness or 
reductions in species across plots (i.e., beta diversity).  Such declines in diversity 
20 
 
across plots could limit potential colonizers from the species pool, further limiting 
plant richness following pulses of dominance.  Alternatively, it is possible 
herbivore loss may increase beta diversity if different species increase in 
dominance in different locations. 
Materials and methods 
Restoration Experiment 
The Oakridge Research and Education Prairie is a 1.6 ha tallgrass prairie 
restoration in Ames, Iowa, U.S.A. (42.035°, -93.664°), that was managed for row crops 
for at least 100 years before its planting in March of 2012.  Prior to planting, we 
established eight 32 x 32 m blocks, fencing off four blocks to reduce the abundance of 
mammalian herbivores including white-tailed deer (Odocoileus virginianus), prairie voles 
(Microtus ochrogaster), and meadow voles (M. pennsylvanicus).  Fences consist of two 
strands of electric fencing running ~0.4 and 1 m above ground level that are both set 1 m 
outside a third strand running 0.75 m above ground level following the design by 
Hygnstrom et al. (1994).  The inner fence also consists of 1.3 cm (0.5 in) mesh hardware 
cloth extending 0.5 m above and 0.4 m belowground to discourage burrowing.   
We trapped and removed voles from fenced areas at least three times from May-
October each year with trapping periods spaced at least one month apart.  The only 
exception to this trapping pattern was in the first year of the experiment (2012) when we 
only trapped twice.  We placed 7.6 x 8.9 x 22.9 cm Sherman Live Traps (H.B. Sherman 
Traps, Tallahassee, Florida) in an even, 4 x 4 grid within each fenced block, spacing traps 
~9 m apart and ~2 m from the fence.  We baited traps with oats, locking them open for at 
least two days before setting to allow habituation.  Trapping continued for at least three 
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consecutive nights during each period, extending longer when needed to reduce numbers.  
All voles trapped inside fenced blocks were relocated >4 km away to minimize reentry, 
and breeches in the fences were patched whenever detected.  The number of voles 
removed from fenced treatments is available in Table S2.  Trapping and handling of 
animals was conducted in accordance with ethical standards approved by a local IACUC 
committee. 
We planted both high and low richness plant communities within each of the eight 
experimental blocks.  High richness treatments include 51 species in a circular area (19.2 
m diameter) in the center of each block.  One species in each of the high richness 
plantings was unique to that block to monitor long distance dispersal (not reported here).  
We planted the remainder of the field with a subset of 14 species from the high richness 
treatment.  The number of species used in the low and high richness plantings 
approximate richness in most prairie restorations and remnants, respectively (e.g., Martin 
et al., 2005).  Species in the low- richness treatment were selected to represent all major 
functional groups (forb, legume, C3/C4 grass; see Table S1 in Supporting Information for 
full species list).     
We annually measured diversity and community composition at peak biomass in 
early fall in permanent 1 x 1 m plots in each high (n = 3 plots/block) and low (n = 4 
plots/block) diversity treatment per block.  We visually estimated cover using a modified 
Daubenmire method (Daubenmire, 1959), estimating cover to the nearest 1%.  We 
calculated species richness (S) as the number of plant species present in a plot and 
evenness as H/ln(S), where H is Shannon’s diversity.  We measured beta diversity across 
plots as the mean Bray-Curtis dissimilarity between a plot and its treatment median in a 
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multi-dimensional analysis of species abundance (Anderson et al., 2006).  Greater 
distances from the median indicate greater differences among plots in terms of 
community composition.  We calculated Bray-Curtis distances in R 3.2.3 (R Core Team, 
2015) using the vegdist function from the vegan package (Oksanen et al. 2016).  We 
calculated inter-annual variability for evenness as the coefficient of variation (standard 
deviation/mean) across all years within a plot.   
We tested the effects of the herbivore reduction and the richness treatments on all 
measures of diversity, inter-annual variability of community evenness, and cover of a 
single dominant species, Chamaecrista fasciculata (Michx.) that was only sown in high- 
richness treatments.  We selected C. fasciculata as this was the only species in any 
treatment or year to achieve a mean cover of >50% per plot (Fig. S1).  Additionally, we 
compared C. fasciculata abundance to species richness in the high richness treatments 
where this species was sown.  For all tests, we treated our analysis as a repeated measure, 
split-plot design by applying mixed-effects ANOVA with year as a fixed effect and plot 
nested within block as random effects.  We controlled for temporal autocorrelation 
among plots with an autoregressive correlation of order 1 following Pinheiro and Bates 
(2000).  We made a priori contrasts showing the effect of herbivore reductions in each 
richness treatment by year using Bonferroni corrections for multiple comparisons.  
Repeated measures models were run in R using the nlme package (Pinheiro et al. 2016) 
and all other models were run using the lmerTest (Kuznetsova et al., 2016) and lme4 
packages (Bates et al., 2015).  Denominator degrees of freedom were estimated using the 
Satterthwaite approximation (Satterthwaite, 1946). 
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Global Grasslands Experiment 
In the global experiment, we used data from 40 sites in the Nutrient Network, not 
including the restoration experiment described above.  These Nutrient Network sites 
represent six continents and 13 countries, and ranging in species richness from 2-37 
species and in evenness from 0.07-1 (Fig. 2, Table S3).  In addition to manipulating 
nutrient additions to grasslands, the Nutrient Network also tests the effects of 
experimentally reducing vertebrate herbivores.  The experimental design of the herbivore 
reduction treatment and data collection procedures have previously been described in 
detail (Borer et al., 2014a; Borer et al., 2014b), so we only briefly review the methods 
here. 
Sites are divided into 2-6 blocks with one 5 x 5 m control and herbivore reduction 
plot per block.  Herbivore reduction plots are surrounded by 1 m tall wire mesh with four 
strands of wire spaced in 0.3 m increments above the mesh.  Wire mesh extends 0.3 m 
outward from the base of the fence to discourage burrowing.  Herbivores excluded at 
each site were reported by site managers and are listed in the supporting information 
(Table S4).  Plant cover, biomass, and light penetration measurements were collected 
annually at peak biomass for 2-8 years at each site, depending on site age (Table S4).  
Plant cover was estimated as in the restoration experiment in one permanent 1 x 1 m 
subplot per plot.  Total biomass was measured by collecting living aboveground biomass 
rooted and plant litter lying within two 0.1 x 1 m strips located outside the cover subplot, 
drying at 60°C for 48 hours, and weighing.  Photosynthetically active radiation (PAR) 
was measured above the plant canopy and at ground level from opposite corners of the 
cover subplots within 2 hours of solar noon using a linear quantum light sensor (MQ-301, 
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Apogee Instruments, Logan, Utah).  Light penetration was calculated as the proportion of 
PAR reaching the soil surface.   
We calculated plant diversity using the same metrics as in the restoration 
experiment.  Changes in richness were calculated as the log response ratio (LRR) 
compared to pre-treatment values.  We calculated inter-annual variability of evenness, 
biomass, and light penetration as the coefficient of variation across years for each plot.  
We also calculated variability as the standard deviation across years for a plot, but results 
using this approach were not qualitatively different from using the coefficient of variation 
and so are not reported here.  We calculated variability across a variable, moving window 
of 2-7 years depending on treatment duration at each site.  Consequently, a single plot 
may have multiple measures of variability for each window of duration beginning with 
two-year increments, building to a single measure of variability for the duration of the 
treatment with a single exception.  We did not calculate variability across the longest 
possible timeframe of eight years in the oldest sites as this would have eliminated 
variation in treatment duration, a covariate in our models.  Including this longest window 
of variability in a simplified model without treatment duration did not qualitatively affect 
our results and so is not reported here. 
We made all comparisons using mixed-effects models as in the restoration 
experiment with block nested within site as a random effect.  We tested the indirect effect 
of herbivores on changes in plant diversity with two sets of models.  In the first, we tested 
the effects of herbivores on inter-annual variability for evenness, plant biomass, and light 
penetration with pre-treatment plant richness and treatment duration as a covariate.  
Second, we examined the relationship between inter-annual variability of evenness 
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(which may vary independently of richness; Wilsey et al., 2005), biomass, or light 
penetration and the LRR of plant richness at the end of the window of variability 
considered with herbivore treatment as a fixed effect and treatment duration as a 
covariate.  As variation in evenness was positively correlated with variation in both light 
penetration (F1,85.5 = 5.92, P = 0.017) and biomass (F1,90.6 = 10.38, P = 0.001), we tested 
the relationship between these factors and the LRR of plant richness separately.   
We also examined the indirect relationships between herbivores and species 
richness using piecewise structural equation models (SEM), allowing inclusion of 
random effects (Lefcheck, 2016).  However, results from this approach were consistent 
with the mixed-effects models described above and so are not reported here. 
Results 
Restoration Experiment 
The richness treatment in the restoration experiment had a general, positive effect 
on richness but not on evenness (Table 1, Fig. 3).  By comparison, herbivores that were 
reduced by our exclusion treatment (hereafter “herbivores”) did not affect species 
richness or evenness when considered in the aggregate (Table 1).  However, the effects of 
herbivores on plant richness differed significantly by year (herbivore x year, Table 1).  
Pre-planned contrasts between herbivore treatments indicate that in the third year of the 
experiment, herbivores significantly increased evenness within plots (Fig. 3b, e) and beta 
diversity among plots (Fig. 3c, f) while marginally increasing richness (Fig. 3a, d).  These 
effects occurred despite the fact that vole populations were lower during this year of the 
experiment than other years (Table S2), suggesting that herbivores can have significant 
effects at low abundance.  The positive effect of herbivores on beta diversity persisted 
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into the fourth year while other effects were marginal or absent.  Reductions in diversity 
were paralleled by increased dominance of a single species. 
Herbivores prevented a strong pulse of dominance by a single species in the third 
year of the experiment.  High-richness communities were seeded with Chamaecrista 
fasciculata (Michx.), an annual planted only in the high-richness treatment.  C. 
fasciculata increased in abundance significantly in the third year of the experiment, with 
the greatest increase coinciding with herbivore reductions (Table 1, Fig. 4a, Fig. S1), and 
was associated with reduced richness during this period of dominance (cover: F1,85.75 = 
5.23, P = 0.025; cover x year: F3,78.20 = 6.71, P = 0.004; Fig. 4b).  The absence of species 
capable of achieving the same level of dominance as C. fasciculata during the course of 
this experiment (Fig. S1) precluded similar effects in the low-richness treatment.  
Neither herbivores nor the richness treatment significantly affected inter-annual 
variability, measured as the coefficient of variation, in evenness in the restoration 
experiment (herbivores: F1,52 = 1.13, P = 0.2925; richness: F1,52 = 3.90, P = 0.0536; 
herbivores x richness: F1,52 = 0.13, P = 0.7226), though variability was marginally greater 
in the high than the low richness treatment (high richness: 0.131 ±0.014, least squares 
mean ±SE; low richness: 0.094 ±0.012).  However, our relatively small sample size at 
this site (n = 56 plots) limited our power to detect an effect of herbivores on inter-annual 
variations in evenness as seen at the global scale of the Nutrient Network (power = 
0.278). 
Global grasslands experiment 
Herbivores indirectly support plant diversity in grasslands across the globe by 
reducing inter-annual variability in evenness.  Herbivores significantly reduced inter-
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annual variability in plant community evenness and light penetration when variability 
was calculated over windows ranging in duration from 2-6 years (Fig. 5a) and 2-5 years 
(Fig. 5c), respectively.   In contrast, herbivores did not affect the inter-annual variability 
of community biomass at any temporal scale measured here (Fig. 5b).  Herbivore effects 
on variability were not due to persistent, directional changes as herbivores did not 
significantly affect mean evenness, though they did increase mean light penetration 
(Table 2); however, this latter effect did not vary with treatment duration (i.e., herbivores 
x treatment duration interaction, Table 2).  Inter-annual variability in community 
evenness was negatively associated with starting species richness when variability was 
calculated over windows ranging in duration from 3-5 years (Fig. 5d).  Despite this 
relationship, inter-annual variability of light penetration and community biomass were 
not significantly related to initial species richness (Fig. 5e, f).   
Inter-annual variability in evenness was associated with losses in plant species 
richness.  The log response ratio of species richness declined significantly as inter-annual 
variability of community evenness increased over the preceding 2-5 years of the 
experiment (Fig. 6a).  By comparison, changes in species richness were not significantly 
associated with inter-annual variability in community biomass (Fig. 6b) or light 
penetration (Fig. 6c).  The direct effect of herbivores was positively, though only 
occasionally significantly, associated with the log response ratio of species richness, 
depending on the timeframe used to calculate variability and the other factor (evenness, 
biomass, or light) included in the model (Table S6).  However, by reducing inter-annual 
variability in community evenness and light penetration, herbivores had a positive, 
indirect effect on plant richness. 
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Discussion 
Herbivores maintain diversity by limiting pulses of dominance 
Herbivores indirectly maintain plant richness by reducing the intensity of 
temporary pulses of dominance (Fig. 1a-g).  In the restoration experiment, herbivores 
prevented temporary reductions of evenness and beta diversity caused by the dominance 
of a single, annual species.  Such temporary periods of dominance may be sufficient to 
exclude subordinate species, as suggested by the negative relationship between C. 
fasciculata cover and species richness.  The global experiment demonstrated the 
generality of this relationship: herbivores reduced inter-annual variability in evenness in 
grasslands across the globe, thus preventing, or at least minimizing, temporary periods of 
dominance associated with species loss.  This effect of herbivores via inter-annual 
variation complements previously described patterns showing that herbivores may also 
influence species richness through changes in mean dominance, community biomass, and 
light availability (Borer et al., 2014b).  Thus, herbivores may maintain plant richness 
through both persistent and ephemeral effects on community dominance. 
The mediating effect of dominance between herbivores and plant richness 
suggests that plant species may not be lost immediately following reductions in 
herbivory.  Pulses of dominance, as observed in our experiments, may occur as annual 
climates, disturbance, or other conditions change to favor one or a few species in a plant 
community.  Consequently, the full effect of herbivores on plant richness may not be 
observed until environmental conditions provide a “window of opportunity” (Balke et al., 
2014) for a potentially dominant species to increase in relative abundance.  For example, 
caribou (Rangifer tarandus) and muskox (Ovibos moschatus) grazing appeared to have 
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no effect on a grassland community in Greenland prior to experimental increases in 
temperature, but after warming, grazing increased stability and prevented losses in forb 
richness (Post and Pedersen, 2008; Post, 2013).  In a Spanish grassland, livestock grazing 
did not strongly affect community structure until an unusually dry period when 
herbivores prevented shifts in dominance among grass species (Pardo et al., 2015).  The 
effects of herbivores on limiting dominance also extend to species that are potentially 
invasive under certain conditions (Post and Pedersen, 2008; Kaarlejärvi et al., 2013).  
These delayed effects of herbivore loss on plant richness may lead to an “extinction debt” 
that will not be fully realized until environmental conditions shift to favor a potentially 
dominant species. 
While we have focused on increases in dominance as a result of increased 
abundance, it is possible that dominance can result from decreases in the abundance of 
other species.  The latter case may occur when conditions disfavor rather than favor a 
suite of species.  However, in either case, the competitive environment shifts in favor of 
one group of species.  Such conditions may then allow the favored group to exclude other 
species through increased abundance or cause rare species to go locally extinct via 
ecological drift.  Thus, we predict that variability in community evenness will decrease 
plant richness regardless of whether environmental conditions lead to an increase of 
potentially dominant species or a decrease of potentially subordinate species. 
Losses in plant richness may be an artifact of increasing dominance.  As evenness 
declines, the likelihood of detecting increasingly rare species may also decline.  
However, rare species may often be considered as functionally absent (Wilsey and 
Potvin, 2000; Hulvey and Zavaleta, 2012) and at risk of local extinction (Pimm et al., 
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1988; Leach and Givnish, 1996; Duncan and Young, 2000; Fox, 2005).  Consequently, 
even if species richness per se did not decline in response to increased inter-annual 
variability in evenness, the functional significance of our findings remain. 
Increased variability in evenness in our studies is unlikely to have followed a 
decrease in richness rather than vice versa.  If richness were to decline first, the dominant 
species would increase in abundance as a result of low richness.  Thus, one may expect 
that a dominant species would remain so until community richness recovered.  However, 
we found the opposite: following the recession of a dominant species, community 
richness remained low.  Therefore, we suggest that increased variability in community 
evenness reduces community richness rather than low richness prompting pulses of 
dominance. 
Delayed effects of herbivore removal may occur when only a subset of the 
herbivore community is affected.  Communities with diverse herbivore guilds capable of 
responding rapidly to changes in the composition of a plant community are expected to 
show the least variability in plant evenness and losses in diversity (McNaughton, 1985; 
Duffy, 2002).  For example, the dominant species in our restoration experiment was an 
annual that may have been preferred by the voles and deer excluded by our study fences.  
However, if plant species from a different functional group, such as grasses, increase in 
abundance, a different herbivore that preferentially consumes these species, such as bison 
(Bison bison; Coppedge et al., 1998), would be necessary to maintain stability and 
prevent species loss.  As bison are ecologically extinct in the U.S. Midwest, herbivores as 
a guild may therefore be incapable of preventing even brief increases in dominance by 
functional groups like grasses and associated losses in diversity.  Such depauperate 
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herbivore guilds may explain the observed increase in grasses in tallgrass prairies at the 
expense of disproportionately high extinctions in other function groups over time (Leach 
and Givnish, 1996; Sluis 2002; Baer et al., 2002, Baer et al., 2004), though the 
relationships in this example are admittedly complex (e.g., Briggs et al., 2005).  
Mono- or oligotrophic herbivore guilds may be ill-equipped to respond to shifts in 
plant dominance across or within seasons, thus promoting inter-annual variability and 
species loss.  For example, domestic livestock can increase inter-annual variability in 
plant evenness and diversity while decreasing mean diversity (Aguiar and Sala, 1998; 
Bertiller and Bisigato, 1998; Hanke et al., 2014).  Alternatively, diverse herbivore guilds 
may better support plant diversity as different herbivores will be able to respond to 
different dominant species at any given time (McNaughton, 1985; Duffy, 2002). 
Although herbivores generally maintain plant diversity by limiting pulses of 
dominance, as shown in our global analysis, herbivores may still decrease plant diversity 
when preferentially consuming subordinate species (Chase et al., 2002; Hillebrand et al., 
2007; Ginane et al., 2015; Pardo et al., 2015).  Heavy grazing by domestic livestock can 
increase inter-annual variability in plant evenness and diversity while decreasing mean 
diversity (Aguiar and Sala, 1998; Bertiller and Bisigato, 1998; Hanke et al., 2014).  In 
these examples, grazers preferentially consume less common plant species, promoting 
continued dominance by less palatable species (e.g., Díaz et al., 2007).  For herbivores to 
promote diversity, they must consume dominant species, if not preferentially then at least 
enough to avoid the decline of subordinate species from over-consumption or 
competition (Mortensen et al. in review).  Herbivore guilds that are functionally mono- or 
oligotrophic, as in the grazing examples above, may be ill-equipped to respond to shifts 
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in plant dominance across or within seasons, thus promoting inter-annual variability and 
species loss.  Indeed, diverse herbivore guilds, unlike those in scenarios of domestic 
grazing, may support plant diversity as different herbivores will be able to respond to 
different dominant species at any given time (McNaughton, 1985; Duffy, 2002). 
Mechanisms of diversity in stable communities  
The exact mechanisms by which herbivores indirectly maintain plant diversity via 
increased community stability are unclear.  Light availability (e.g., Olff and Ritchie, 
1998; Bakker et al., 2006; Schmitz, 2006; Borer et al., 2014b) and community biomass 
(e.g., McNaughton, 1985; Duffy, 2002; Bakker et al., 2006; Eisenhauer et al., 2011), the 
most commonly studied effects of herbivores on plant community variation, did not 
appear to consistently affect plant diversity in the global experiment when considered in 
terms of inter-annual variation despite the fact that herbivores decreased variability in 
light.  Thus, while herbivores can maintain plant diversity by increasing mean light 
availability (Borer et al., 2014b) or decreasing community biomass (McNaughton, 1985; 
Hanke et al., 2014), their indirect effects on diversity mediated by inter-annual stability 
likely occur through different pathways.  We suggest three alternative mechanisms by 
which herbivores support plant diversity by increasing inter-annual stability. 
First, it is possible that our measures of biomass and light did not capture 
important determinants of community diversity.  For example, community biomass may 
not accurately depict architectural features such as canopy height that can affect plant 
diversity (e.g., Carson and Root, 2000).  Moreover, the architectural structure of the 
surrounding plant community can also affect light penetration throughout the day (e.g., 
Skálová et al., 1999), an effect that would not be detected by our single measurements of 
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light.  Thus, it is possible that herbivores may stabilize light availability throughout the 
day or season by affecting the physical structure of a plant community without affecting 
total biomass. 
Second, herbivores may prevent temporary, competitive dominance for 
belowground resources as in the keystone (Paine, 1966) or R*/P* hypothesis (Holt et al., 
1994).  However, previous work in our global experiment indicates that trade-offs 
between competitive ability and defense against herbivory are not common (Lind et al., 
2013; Mortensen et al., in review), so that herbivores do not generally prefer 
competitively dominant over subordinate species.  Moreover, if variation in belowground 
resources is related to aboveground biomass (e.g., McNaughton, 1985), and variability in 
biomass is not related to richness (Fig. 6b), then we may expect that variation in 
belowground competition will not affect richness.  Finally, soil nutrient availability is not 
always associated with grazing (Milchunas and Lauenroth, 1993; but see Bakker et al., 
2004).  Thus, we find it less likely that the stabilizing effects of herbivores affected plant 
richness through changes in belowground resources. 
Third, herbivores may promote plant diversity by increasing community 
resistance and resilience to disturbance.  For example, reductions in community evenness 
over a single growing season can decrease resistance to invasion (Wilsey and Polley, 
2002; Smith et al., 2004); however, this has not been observed in our global study as 
herbivore reductions have not, as yet, affected the cover or richness of exotic species 
(Seabloom et al., 2015), though such effects may occur over timeframes greater than 
those tested here.  Alternatively, reductions in community evenness may promote 
increased herbivory by individual invertebrate (Bach, 1980; Wilsey and Polley, 2002; 
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Otway et al., 2005; Sholes, 2008) or vertebrate (McNaughton, 1985) herbivores that may 
preferentially consume one or a few species.  Such forms of disturbance have the 
potential to decrease plant diversity (Bertiller and Bisigato, 1998; Vilà et al., 2011; Hanke 
et al., 2014), potentially leading to a positive feedback or “extinction cascade” (Valiente-
Banuet and Verdú, 2013). 
Plant richness, inter-annual variability, and potential feedbacks 
Herbivore reductions may prompt feedback cycles leading to the additional loss 
of plant species (Fig. 1b-f).  Globally, herbivore reductions increased inter-annual 
variation in evenness, which was associated with reduced plant richness.  Moreover, pre-
treatment species richness was associated with low variability in community evenness 
both in this study and others (McNaughton, 1985; Isbell et al., 2009).  Thus, losses in 
plant species richness following a loss or reduction in herbivores may further destabilize 
plant communities, leading to further losses in plant species. 
Declines in richness spatially homogenize plant communities 
We hypothesize that repeated pulses of dominance may be sufficient to exclude 
subordinate species from the larger landscape.  In our restoration experiment, richness 
recovered following a slight decline in C. fasciculata; however, losses in richness had a 
homogenizing effect across plots leading to a loss in beta diversity that persisted into the 
fourth year of the experiment.  Although beta diversity began to recover during the fourth 
year of the experiment, this recovery was not sufficient to match conditions in which 
herbivores remained at ambient densities.   
Reductions in beta diversity decrease the number of patches from which novel 
colonizers may emigrate to replace species lost at the plot scale.  Therefore, low diversity 
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states may become more persistent following repeated pulses of dominance and 
reductions in beta diversity in the absence of herbivores, provided these pulses occur 
frequently enough to prevent recovery.  In the case of the annual C. fasciculata, pulses of 
dominance must occur regularly to maintain persistent, low diversity states as suggested 
by the partial recovery of diversity in the final year of the experiment.  However, 
dominance by a long-lived, perennial species may maintain low diversity states with less 
frequent pulses in dominance.  The persistence of low diversity states may also be 
prolonged by the continued exclusion of herbivory after dominance has receded.  For 
example, recovery of species richness following nutrient addition is more rapid when 
biomass is regularly removed (Storkey et al., 2015) than when it is relatively undisturbed 
(Isbell et al., 2013; Tilman and Isbell, 2015).  By analogy, the effects of herbivore loss on 
plant species richness may strengthen with time.  We stress that such scenarios are 
hypothetical and require further study. 
Conclusions 
Complementing previous studies showing that herbivores may increase plant 
richness by affecting mean community values of light and biomass (Gibson, 1988; 
Stevens and Carson, 2002; Hautier et al., 2009; Borer et al., 2014b), our results show that 
herbivores may also prevent losses in plant richness by stabilizing evenness over time.  
While other studies have explicitly considered the effects of inter-annual variability in 
plant biomass (e.g., McNaughton, 1985; Polley et al., 2007; Isbell et al., 2009; Grman et 
al., 2010; Eisenhauer et al., 2011) as well as evenness (Hanke et al., 2014) on richness, 
we add to this body of knowledge that variability in biomass or light may not be universal 
mechanisms for maintaining diversity.  In fact, another form of variability, inter-annual 
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variation in evenness, which increases with the loss of herbivores, is significantly related 
to changes in plant richness.  Thus, previous work focusing on the effects of herbivores 
on mean biomass and light as a measure of community stability may not fully capture the 
long-term effects of herbivores on plant evenness and diversity. 
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Tables 
Table 1—Effects of herbivore reduction, species richness, and treatment duration on 
realized species richness, evenness, C. fasciculata cover, and beta diversity (measured as 
the Bray-Curtis dissimilarity to the median for each treatment group) in the restoration 
experiment.  Results were determined from mixed-effects ANCOVA with the 
denominator degrees of freedom (DenDF) estimated using the Satterthwaite 
approximation (Satterthwaite, 1946).  
      Richness (S)   Evenness (H/ln(S)) 
Effect NumDF   DenDF F P   DenDF F P 
Herbivores 1 
 
6 0.19 0.6754 
 
6 0.69 0.4377 
Diversity 1 
 
46 23.94 <0.0001 
 
46 0.03 0.8713 
Year 3 
 
156 55.16 <0.0001 
 
156 3.42 0.0189 
Herb. x Diversity 1 
 
46 0.83 0.3665 
 
46 2.69 0.1076 
Herb. x Year 3 
 
156 3.13 0.0274 
 
156 2.29 0.0808 
Diversity x Year 3 
 
156 3.98 0.0092 
 
156 4.35 0.0056 
Herb x Div. x Year 3   156 1.61 0.1902   156 2.16 0.0949 
 
Table 1 continued 
      C. fasciculata cover   Beta diversity 
Effect NumDF   DenDF F P   DenDF F P 
Herbivores 1 
 
6 10.46 0.0178 
 
6 2.33 0.2935 
Diversity 1 
 
46 165.39 <0.0001 
 
46 5.76 0.0205 
Year 3 
 
156 57.03 <0.0001 
 
156 4.35 0.0057 
Herb. x Diversity 1 
 
46 19.12 0.0001 
 
46 7.59 0.0084 
Herb. x Year 3 
 
156 5.67 0.0010 
 
156 1.35 0.2599 
Diversity x Year 3 
 
156 75.46 <0.0001 
 
156 0.83 0.4806 
Herb. x Div. x Year 3   156 6.60 0.0003   156 4.83 0.0030 
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Table 2—Herbivore and treatment duration effects on mean evenness, biomass, and 
light penetration in the global experiment.  Results were determined from mixed-
effects ANCOVA with the denominator degrees of freedom (DenDF) estimated using the 
Satterthwaite approximation (Satterthwaite 1946). 
    Evenness   Biomass 
Effect NumDF DenDF F P   DenDF F P 
Herbivores 1 179.30 1.39 0.2407 
 
264.98 13.31 0.0003 
Treatment duration 7 1141.30 1.92 0.0634 
 
1092.78 2.49 0.0153 
Herb. x Trt. duration 7 1183.70 1.19 0.3064   1158.45 1.31 0.2403 
 
Table 2 continued 
    Light penetration 
Effect NumDF DenDF F P 
Herbivores 1 968.73 17.73 <0.0001 
Treatment duration 7 962.47 4.68 <0.0001 
Herb. x Trt. duration 7 960.23 1.26 0.2681 
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Figures 
 
Fig. 1—Predicted relationship between herbivores, plant evenness, and plant 
richness.  Overall, this models shows that herbivore loss may destabilize plant 
communities, resulting in a positive feedback cycle producing species poor communities.  
Specifically, herbivores may increase stability in plant community evenness, preventing 
temporary “pulses” of dominance by one or a few species (a) that could otherwise over-
shade subordinate species (b), leading to their eventual loss (c).  Over-shading can also 
decrease colonization (d), further limiting species richness (e).  Moreover, as the relative 
abundance of subordinate species declines with evenness, their probability of extinction 
through random events increases (f), thus increasing losses to species richness (g).  
Assuming species richness increases community resistance to and resilience following 
disturbance as indicated in previous studies, loss of plant species could increase the 
likelihood of future pulses of dominance (h).   
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Fig. 2—Location, richness, and evenness of all 40 sites included in the global study.  
(a) Coordinates for all sites, the number of blocks per site, and the number of years that 
experiments have been maintained at each site are available in Table S3.  (b) Plot 
richness and evenness are shown for all control plots across all years included in the 
current study.  
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Fig. 3—Herbivore and diversity effects on plant diversity in the restoration 
experiment.  Mean diversity indices were calculated within subplots from the raw data 
for a) species richness (S) and b) evenness (H/ln(S)), and c) beta diversity (among plots).  
The difference between herbivore treatments (control - fenced) is shown for d) species 
richness, e) evenness, and f) beta diversity based on the least squared means from the 
respective models reported in Table 1.  Error bars represent 95% confidence intervals in 
panels a-c and 97.5% confidence intervals at α = 0.05 following Bonferroni correction in 
panels d-f.  
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Fig. 4—Chamaecrista fasciculata effects on species diversity in restoration 
experiment. (a) Mean cover of C. fasciculata in high and low diversity communities and 
in relation to ambient and reduced herbivore populations.  Points were calculated as 
means from the raw data and error bars represent 95% confidence intervals. (b) C. 
fasciculata cover in relation to species richness during 2014-15 in ambient or reduced 
herbivore conditions in high diversity treatments where it was sown.  
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Fig. 5—Herbivore and species richness effects on inter-annual variability 
(coefficient of variation; CV) in grasslands across the globe.  The window of 
variability indicates the timeframes used to calculate the CV.  The effect of herbivores 
(i.e., control – fenced) on the CV are shown for a) plant community evenness, b) plant 
biomass and c) light penetration.  The slope between the CV and pre-experimental 
species richness (i.e., ΔCV/ΔS) are shown for d) plant community evenness, e) plant 
biomass, and f) light penetration.  Points represent planned contrasts for panels a-c and 
slopes for d-f derived from mixed-effects models (the full ANOVA table for each model 
is available in Table S5).  Error bars represent 99.17% confidence intervals following 
Bonferroni corrections for α = 0.05.  Numbers below each point indicate the number of 
plot/year combinations in each sample.  
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Fig. 6—Slope between inter-annual variability (coefficient of variation; CV) and 
changes in species richness (S) at different time scales in grasslands across the globe.  
The slope between CV and the log response ratio of species richness (i.e., 
ΔLRR(S)/ΔCV) was calculated when measuring the CV over the previous 2-7 years for 
a) community evenness, b) plant biomass, and c) light penetration.  Points represent 
slopes derived from mixed-effects models (the full ANOVA table for each model is 
available in Table S6).  Error bars represent 99.17% confidence intervals following 
Bonferroni corrections for α = 0.05.  Numbers above each point indicate the number of 
plot/year combinations in each sample. 
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Supporting Information 
Table S1—Species sown in the restoration experiment.  Only species marked with an 
asterisk in the “Low richness” column were planted in the low-richness treatment.  Each 
species in the “Unique Asteraceae” was planted in only one experimental block as part of 
a seedling dispersal study not reported here. 
Group Species Common Name Low richness 
FORBS 
   
 
Achillea millefolium Yarrow 
 
 
Anemone cylindrica Candle Anemone * 
 
Anemone virginiana Tall Thimble Weed 
 
 
Asclepias incarnata Swamp Milkweed * 
 
Asclepias sullivantii Sullivan's Milkweed 
 
 
Asclepias tuberosa Butterfly Milkweed 
 
 
Asclepias verticillata whorled milkweed 
 
 
Aster azureus Sky Blue Aster 
 
 
Aster ericoides Heath Aster 
 
 
Aster laevis Smooth Blue Aster * 
 
Brickellia eupatorioides False Boneset * 
 
Echinacea pallida Purple Coneflower 
 
 
Eryngium yuccifolium Rattlesnake Master 
 
 
Euphorbia corollata Flowering Spurge 
 
 
Galium boreale Northern Bedstraw 
 
 
Heuchera richardsonii Prairie Alumroot 
 
 
Liatris aspera Rough Blazing Star 
 
 
Liatris pycnostachia Prairie Blazing Star * 
 
Lobelia cardinalis Cardinal Flower 
 
 
Lobelia siphilitica Great Blue Lobelia 
 
 
Penstemon digitalis Foxglove Penstemon 
 
 
Physostegia virginiana Obedient Plant 
 
 
Potentilla arguta Tall/Prairie Cinquefoil 
 
 
Ratibida pinnata Gray-headed Coneflower * 
 
Rudbeckia hirta Black-eyed Susan 
 
 
Solidago rigida Rough Goldenrod 
 
 
Solidago speciosa Showy Goldenrod 
 
 
Verbena stricta Hoary Vervain 
 
 
Vernonia fasciculata Ironweed 
 
 
Veronicastrum virginicum Culver's Root 
 
 
Zizia aurea Golden Alexander * 
    LEGUMES 
   
 
Astragalis canadensis Canada Milk Vetch 
 
 
Baptisia alba Wild White Indigo 
 
 
Chamaecrista fasciculata Partridge Pea 
 
 
Dalea candida White Prairie Clover 
 
 
Dalea purpurea Purple Prairie Clover * 
 
Desmodium canadense Showy Tick Trefoil 
 
 
Lespedeza capitata Roundheaded Bushclover * 
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Table S1 continued 
Group Species Common Name Low richness 
GRAMINOIDS 
   
 
Andropogon gerardii Big Bluestem * 
 
Bouteloua curtipendula Sideoats Grama 
 
 
Carex bicknellii Bicknell's Sedge 
 
 
Carex brevior Shortbeak Sedge 
 
 
Carex vulpinoidea Fox Sedge * 
 
Elymus canadensis Canada Wild Rye * 
 
Elymus virginicus Virginia Wild Rye 
 
 
Schizachyrium scoparium Little Bluestem * 
 
Sorghastrum nutans Indian Grass 
 
 
Sporobolus clandestinatus Rough Dropseed * 
 
Sporobolus heterolepis Prairie Dropseed 
 
 
Stipa spartea (Hesperostipa spartea) Porcupine Grass 
    UNIQUE ASTERACEAE 
  
 
Eupatorium perfoliatum Common Boneset 
 
 
Helianthus grosseseratus Sawtooth Sunflower 
 
 
Helianthus maximilliana Maximillian Sunflower 
 
 
Helianthus pauciflorus Rigid Sunflower 
 
 
Heliopsis helianthoides Oxeye/False Sunflower 
 
 
Rudbeckia subtomentosa Sweet Black-eyed Susan 
 
 
Silphium laciniatum Compass Plant 
  Symphyotrichum novae-angliae New England Aster  
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Table S2—Number of Microtus spp. individuals removed from herbivore reduction 
treatments in the restoration experiment. 
Date N removed 
7/2012 7 
11/2012 17 
  5/2013 0 
7/2013 4 
10/2013 16 
  6/2014 1 
7/2014 3 
9/2014 NA 
  5/2015 106 
6/2015 79 
7/2015 58 
8/2015 35 
9/2015 31 
10/2015 18 
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Table S3—Locations and number of blocks for each site included in the global 
study. 
Site code Continent Country 
Experiment 
duration Blocks Latitude Longitude 
azi.cn Asia China 5 3 33.670 101.870 
barta.us North America United States 4 3 42.245 -99.652 
bldr.us North America United States 5 2 39.972 -105.234 
bnch.us North America United States 7 3 44.277 -121.968 
bogong.au Australia Australia 5 3 -36.874 147.254 
burrawan.au Australia Australia 6 3 -27.735 151.140 
cbgb.us North America United States 5 6 41.785 -93.385 
cdcr.us North America United States 7 5 45.425 -93.212 
cdpt.us North America United States 7 6 41.200 -101.630 
cereep.fr Europe France 2 3 48.280 2.660 
elliot.us North America United States 6 3 32.875 -117.052 
frue.ch Europe Switzerland 6 3 47.113 8.542 
gilb.za Africa South Africa 3 3 -29.284 30.292 
hall.us North America United States 7 3 36.872 -86.702 
hart.us North America United States 4 3 42.724 -119.498 
hero.uk Europe United Kingdom 5 3 51.411 -0.639 
hnvr.us North America United States 3 3 43.419 -72.138 
hopl.us North America United States 8 3 39.013 -123.060 
kibber.in Asia India 3 3 32.320 78.010 
kiny.au Australia Australia 7 3 -36.200 143.750 
koffler.ca North America Canada 4 3 44.024 -79.536 
konz.us North America United States 7 3 39.071 -96.583 
lancaster.uk Europe United Kingdom 6 3 53.986 -2.628 
look.us North America United States 7 3 44.205 -122.128 
marc.ar South America Argentina 3 3 -37.715 -57.425 
mcla.us North America United States 8 3 38.864 -122.406 
mtca.au Australia Australia 6 4 -31.782 117.611 
pape.de Europe Germany 6 1 53.086 7.473 
rook.uk Europe United Kingdom 5 3 51.406 -0.644 
sage.us North America United States 6 3 39.430 -120.240 
sava.us North America United States 5 2 33.344 -81.651 
sgs.us North America United States 6 3 40.817 -104.767 
shps.us North America United States 7 4 44.243 -112.198 
sier.us North America United States 8 5 39.236 -121.284 
smith.us North America United States 5 3 48.207 -122.625 
spin.us North America United States 7 3 38.136 -84.501 
trel.us North America United States 5 3 40.075 -88.829 
tyso.us North America United States 2 4 38.519 -90.565 
unc.us North America United States 4 3 36.008 -79.020 
valm.ch Europe Switzerland 6 3 46.631 10.372 
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Table S4—Herbivores affected by the fence treatment at each Nutrient Network site 
as reported by site managers.  Not all sites were reported and so do not all appear here. 
Site code Common name Scientific name 
azi.cn Yak Bos grunniens  
barta.us Jack rabbit Lepus townsendi 
barta.us White-tailed deer Odocoileus virginianus 
bldr.us White-tailed deer Odocoileus virginianus 
bnch.us Elk Cervus canadensis 
bogong.au Hare Lepus europaeus  
bogong.au Horse Equus ferus caballus  
bogong.au Rabbit Oryctolagus cuniculus  
bogong.au Sambar deer Rusa unicolor 
burrawan.au Black-striped wallaby Macropus dorsalis  
burrawan.au Brown hare Lepus europaeus 
burrawan.au Cattle Bos taurus 
burrawan.au Common wallaroo Macropus robustus erubescens 
burrawan.au Eastern Grey Kangaroo Macropus giganteus  
burrawan.au Swamp Wallaby Wallabia bicolor  
cbgb.us Rabbit Lepus spp. 
cbgb.us White-tailed deer Odocoileus virginianus 
cdcr.us White-tailed deer Odocoileus virginianus 
cdpt.us Cattle Bos taurus 
cdpt.us Jack rabbit Lepus townsendi 
cdpt.us Mule deer Odocoileus hemionus 
cdpt.us Rabbit Sylvilagus auduboni 
elliot.us Black-tailed jackrabbit Lepus californicus 
elliot.us Southern mule deer Odocoileus hemionus fulginata 
elliot.us Western brush rabbit Sylvilagus bachmani cinerascens 
frue.ch European hare Lepus europaeus 
frue.ch Red deer Cervus elaphus 
frue.ch Roe deer Capreolus 
gilb.za Hares Lepus capensis 
gilb.za Red rock rabbits Pronolagus spp. 
gilb.za Porcupine Hystrix africaeaustralis 
gilb.za Mountain reedbuck Redunca fulvorufula 
gilb.za Common duiker Sylvicapra grimmia 
gilb.za Oribi Ourebia ourebi 
gilb.za Grey rhebuck Pelea capreolus 
hall.us Cottontail rabbit Sylvilagus sp. 
hall.us White-tailed deer Odocoileus virginianus 
hart.us Jack rabbit Lepus spp. 
hart.us Mule deer Odocoileus hemionus 
hart.us Horse Equus ferus caballus 
hart.us Pronghorn antelope Antilocapra americana 
hero.uk European rabbit Oryctolagus cuniculus 
hero.uk Goat Capreolus 
hero.uk Reeves' Muntjac Muntiacus reevesi 
hnvr.us Moose Alces alces 
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Table S4 continued 
Site code Common name Scientific name 
hnvr.us White-tailed deer Odocoileus virginianus  
hnvr.us Woodchuck Marmota monax 
hopl.us Jack rabbit Lepus sp. 
hopl.us Mule deer Odocoileus hemionus 
kibber.in Bharal Pseudois nayaur  
kibber.in Cattle-yak hybrids   
kibber.in Donkey Equus asinus  
kibber.in Goat Capra hirtus  
kibber.in Horse Equus caballus  
kibber.in Ibex Capra sibirica  
kibber.in Indian cattle Bos indicus  
kibber.in Sheep Ovis aries  
kibber.in Yak Bos grunniens  
kiny.au Eastern grey kangaroos Macropus giganteus 
kiny.au European rabbit Oryctolagus cuniculus 
lancaster.uk European rabbit Oryctolagus cuniculus 
lancaster.uk Hares Lepus capensis 
lancaster.uk Red deer Cervus elaphus 
lancaster.uk Sheep Ovis aries 
look.us Elk Cervus canadensis 
look.us Jack rabbit Lepus sp. 
look.us Mule deer Odocoileus hemionus 
marc.ar Brazilian guinea pig Cavia aperea 
marc.ar European Hare Lepus europaeus 
marc.ar Pig Sus scrofa 
mcla.us Jack rabbit Lepus sp. 
mcla.us Mule deer Odocoileus hemionus 
mtca.au European rabbit Oryctolagus cuniculus 
mtca.au Sheep Ovis aries 
mtca.au Western grey kangaroo Macropus fuliginosus 
pape.de European hare Lepus europaeus 
pape.de Roe deer Capreolus capreolus 
rook.uk European rabbit Oryctolagus cuniculus 
rook.uk Roe deer Capreolus capreolus 
rook.uk Reeves' Muntjac Muntiacus reevesi 
sage.us American black bear Ursus americanus 
sage.us Golden-mantled ground squirrel Spermophilus lateralis 
sage.us Mountain pocket gopher Thomomys monticola 
sage.us Mule deer Odocoileus hemionus 
sage.us Snowshoe rabbit Lepus americanus 
sava.us Hispid cotton rat Sigmodon hispidus 
sava.us White-tailed deer Odocoileus virginianus 
sava.us Wild boar Sus scrofa 
sgs.us 13-lined ground squirrel Ictidomys tridecemlineatus  
sgs.us Antelope Antilocapra americana  
sgs.us Black-tailed jack rabbit Lepus californicus  
sgs.us Desert cottontail Sylvilagus audubonii  
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Table S4 continued 
Site code Common name Scientific name 
sgs.us Mule deer Odocoileus hemionus  
sgs.us Ord’s kangaroo rat Dipodomys ordii  
sgs.us White-tailed jackrabbit Lepus townsendii  
shps.us Black-tailed jackrabbit Lepus californicus 
shps.us Pronghorn Antilocapra americana  
shps.us Sheep Ovis aries 
sier.us Jack rabbit Lepus sp. 
sier.us Mule deer Odocoileus hemionus 
smith.us Columbian black-tailed deer Odocoileus hemionus columbianus  
smith.us Eastern cottontail Sylvilagus floridanus 
spin.us Cottontails Sylvilagus sp. 
trel.us Eastern cottontail Sylvilagus floridanus 
trel.us White-tailed deer Odocoileus virginianus 
unc.us White-tailed deer Odocoileus virginianus 
valm.ch Alpine ibex (goat) Capra ibex 
valm.ch Marmot Marmota marmota 
valm.ch Red deer Cervus elaphus 
valm.ch Wild alpine goat Rupicapra rupicapra 
 
 
  
6
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Table S5—Effects of pre-treatment plant species richness and herbivore reduction on the inter-annual coefficient of variation 
for evenness, biomass, and light penetration.  Effects are shown when the coefficient of variation is calculated for variable, moving 
windows of 2-7 years.  Sample sizes and effect magnitudes with errors adjusted for multiple comparisons are shown in figure 5.  
Bolded terms are significant at α = 0.05 corrected for multiple comparisons using the Bonferroni adjustment (i.e., P < 0.0083 is 
significant). 
CV(Evenness) Window of variability 
  
2 
 
3 
 
4 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
Initial richness 1 117.80 5.17 0.0249 
 
1 152.76 9.82 0.0021 
 
1 165.54 9.67 0.0022 
 
Herbivores 1 1051.85 13.39 0.0003 
 
1 786.70 18.94 <0.0001 
 
1 548.41 23.87 <0.0001 
 
Duration 6 1042.05 0.81 0.5619   5 781.96 1.89 0.0937   4 546.71 1.12 0.3468 
                CV(Biomass) Window of variability 
  
2 
 
3 
 
4 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
Initial richness 1 115.96 1.20 0.2763 
 
1 138.71 1.37 0.2445 
 
1 133.42 0.42 0.5168 
 
Herbivores 1 1055.39 0.15 0.7015 
 
1 779.65 1.66 0.1974 
 
1 548.62 6.32 0.0122 
 
Duration 6 1070.13 1.45 0.1934   5 776.83 1.35 0.2419   4 547.98 2.69 0.0304 
                CV(Light) Window of variability 
  
2 
 
3 
 
4 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
Initial richness 1 140.02 0.01 0.9181 
 
1 197.11 0.82 0.3660 
 
1 195.82 0.79 0.3740 
 
Herbivores 1 653.33 7.49 0.0064 
 
1 606.72 13.55 0.0003 
 
1 451.50 16.08 0.0001 
  Duration 6 648.10 3.42 0.0025   5 602.39 1.51 0.1859   4 447.88 2.21 0.0673 
  
6
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Table S5 continued 
CV(Evenness) Window of variability 
  
5 
 
6 
 
7 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
Initial richness 1 177.60 13.11 0.0004 
 
1 159.09 9.04 0.0031 
 
1 114.28 2.54 0.1139 
 
Herbivores 1 348.72 19.39 <0.0001 
 
1 188.79 9.45 0.0024 
 
1 80.68 0.52 0.4712 
 
Duration 3 351.60 1.33 0.2657   2 190.55 0.57 0.5644   1 81.81 0.00 0.9890 
                CV(Biomass) Window of variability 
  
5 
 
6 
 
7 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
Initial richness 1 127.47 0.32 0.5742 
 
1 101.79 0.68 0.4101 
 
1 76.57 6.05 0.0162 
 
Herbivores 1 348.12 5.61 0.0184 
 
1 191.80 0.50 0.4807 
 
1 86.02 0.45 0.5056 
 
Duration 3 353.86 4.60 0.0036   2 197.16 1.11 0.3315   1 90.70 1.16 0.2834 
                CV(Light) Window of variability 
  
5 
 
6 
 
7 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
Initial richness 1 196.35 2.64 0.1057 
 
1 127.31 3.44 0.0661 
 
1 70.14 1.10 0.2971 
 
Herbivores 1 326.03 13.36 0.0003 
 
1 193.59 4.50 0.0351 
 
1 86.25 0.07 0.7913 
  Duration 3 325.61 1.44 0.2316   2 196.94 1.68 0.1898   1 91.68 0.37 0.5420 
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Table S6—Effects of treatment duration and the inter-annual coefficient of variation for evenness, biomass, or light 
penetration on the log response ratio of species richness.  Effects are shown when the coefficient of variation is calculated for 
variable, moving windows of 2-7 years.  Sample sizes and effect magnitudes with errors adjusted for multiple comparisons are shown 
in figure 6.  Bolded terms are significant at α = 0.05 corrected for multiple comparisons using the Bonferroni adjustment (i.e., P < 
0.0083 is significant). 
CV(Evenness) Window of variability 
  
2 
 
3 
 
4 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
CV 1 1084.31 22.99 <0.0001 
 
1 856.42 24.86 <0.0001 
 
1 625.99 16.71 <0.0001 
 Herbivores 1 1024.49 2.25 0.1342  1 778.8 3.95 0.0473  1 549.51 5.72 0.0171 
 
Duration 6 1016.64 4.54 0.0001   5 774.3 2.28 0.0453   4 545.7 1.37 0.2432 
                CV(Biomass) Window of variability 
  
2 
 
3 
 
4 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
CV 1 1023.20 <0.01 0.9596 
 
1 818.74 0.42 0.5160 
 
1 605.22 2.96 0.0861 
 Herbivores 1 983.34 3.79 0.0517  1 765.89 7.04 0.0081  1 548.14 9.18 0.0026 
 
Duration 6 976.78 4.69 0.0001   5 763.31 2.77 0.0174   4 546.14 1.59 0.1759 
                CV(Light) Window of variability 
  
2 
 
3 
 
4 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
CV 1 719.61 0.49 0.4854 
 
1 686.44 0.01 0.9366 
 
1 537.38 0.42 0.5181 
 Herbivores 1 651.34 7.33 0.0070  1 615.31 17.63 <0.0001  1 469.07 21.08 <0.0001 
  Duration 6 649.81 3.92 0.0007   5 610.51 2.19 0.0533   4 463.08 1.85 0.1181 
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Table S6 continued 
                CV(Evenness) Window length 
  
5 
 
6 
 
7 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
CV 1 425.94 10.19 0.0015 
 
1 250.72 4.90 0.0278 
 
1 123.9 1.86 0.1747 
 Herbivores 1 357.95 3.40 0.0659  1 195.29 3.45 0.0649  1 83.18 1.43 0.2347 
 
Duration 3 356.93 1.23 0.2975   2 195.4 0.23 0.7922   1 85.33 0.40 0.5279 
                CV(Biomass) Window length 
  
5 
 
6 
 
7 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
CV 1 414.69 3.13 0.0777 
 
1 234.48 0.08 0.7810 
 
1 114.54 4.06 0.0462 
 Herbivores 1 356.01 5.35 0.0212  1 194.69 5.14 0.0245  1 84.37 1.90 0.1713 
 
Duration 3 357.15 1.04 0.3735   2 196.30 0.17 0.8473   1 86.57 0.70 0.4037 
                CV(Light) Window length 
  
5 
 
6 
 
7 
 
Effect NumDF DenDF F P   NumDF DenDF F P   NumDF DenDF F P 
 
CV 1 404.28 <0.01 0.9905 
 
1 233.72 2.58 0.1094 
 
1 110.64 3.25 0.0742 
 Herbivores 1 340.44 11.36 0.0008  1 189.95 7.61 0.0064  1 80.94 1.84 0.1782 
  Duration 3 336.49 1.24 0.2938   2 190.02 0.27 0.7665   1 82.72 0.64 0.4245 
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Table S7—Site managers in the Nutrient Network that contributed data to this 
study. 
Site code Site PI(s) 
azi.cn Chengjin Chu 
barta.us David Wedin 
bldr.us Brett Melbourne 
bnch.us Elizabeth Borer, Eric Seabloom 
bogong.au Joslin Moore 
burrawan.au Jennifer Firn 
cbgb.us Lori Biederman 
cdcr.us Elizabeth Borer, Eric Seabloom 
cdpt.us Johannes Knops 
cereep.fr Amandine Hansart 
elliot.us Elsa Cleland 
frue.ch Yann Hautier 
gilb.za Peter Wragg 
hall.us Rebecca McCulley 
hart.us Nicole DeCrappeo 
hero.uk Michael Crawley 
hnvr.us Kathryn Cottingham 
hopl.us Elizabeth Borer, Eric Seabloom 
kibber.in Mahesh Sankaran 
kiny.au John Morgan 
koffler.ca Marc Cadotte 
konz.us Kimberly La Pierre, Melinda Smith 
lancaster.uk Carly Stevens 
look.us Elizabeth Borer, Eric Seabloom 
marc.ar Juan Alberti 
mcla.us Elizabeth Borer, Eric Seabloom 
mtca.au Suzanne Prober 
pape.de Helmut Hillebrand 
rook.uk Michael Crawley 
sage.us Daniel Gruner 
sava.us John Orrock 
sgs.us Dana Blumenthal 
shps.us Peter Adler 
sier.us Stan Harpole 
smith.us Jonathan Bakker 
spin.us Rebecca McCulley 
trel.us Andrew Leakey 
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Fig. S1—Species rank abundance curves in the restoration experiment by year and 
treatment.  Chamaecrista fasciculata, when present, is highlighted in red and pink in the 
herbivore reduction and control treatments, respectively. 
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Abstract 
Increased cover and biomass in plant communities is typically associated with 
decreased light availability and increased losses in plant species.  Consequently, the 
prevailing hypothesis suggests that increased cover prevents colonization by new 
seedlings and promotes the loss of subordinate species through competition for light.  
However, experimental manipulations of light availability have both increased and 
decreased plant richness, suggesting a more complex relationship than previously 
thought.  We examined the potential for shading to limit the survival of seedlings in 
tallgrass prairies of the Midwestern US by (1) comparing the light requirements of 
common species to light availability in the field and (2) tracking the effects of light 
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availability on seedling survival.  Light availability in tallgrass prairies frequently 
exceeded the minimum required to maintain a positive energy budget for many species, 
suggesting that light limitation of species richness is the exception, rather than the rule, in 
tallgrass prairies.  Additionally, increased shading as a result of both experimental 
manipulation and greater biomass in high-richness communities increased seedling 
survival.  We suggest that while shading reduces photosynthesis and carbon assimilation 
by limiting light availability, it may also slow water loss, thus preventing water limitation 
for plant with developing root systems.  Accounting for water availability in this way 
may explain the apparently discordant results from previous experiments of light 
availability on plant diversity.  We suggest that the losses in plant richness commonly 
associated with increased cover may result from predation as small herbivores respond 
positively to increased cover, counteracting the positive effects of shade on seedling 
survival. 
Introduction 
Increases in plant community biomass and cover are associated with increased 
plant species loss (Hautier et al., 2009; Borer et al., 2014b) and decreased colonization 
(Smith et al., 2004; Martin and Wilsey, 2006; Losure et al., 2007; Hautier et al., 2009; 
Kuebbing et al., 2013), producing low diversity communities (Huisman and Olff, 1998; 
Olff and Ritchie, 1998; Bakker et al., 2006; Harpole and Tilman, 2007; Hillebrand et al., 
2007; Rueda et al., 2013; Borer et al., 2014b).  This loss in diversity is often attributed to 
poor light availability as dominant species over-shadow subordinate species or colonizing 
seedlings, limiting photosynthesis.  When light availability becomes so low that energy 
gains from photosynthesis cannot compensate for losses, subordinate species growing in 
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the sub-canopy will eventually be excluded from the community and species diversity 
will decline (e.g., Hautier et al., 2009).  However, plant diversity does not always 
increase with light availability. 
Studies that have directly manipulated light or shading have produced mixed 
effects on plant diversity, both decreasing (Gibson, 1988; Rajaniemi, 2002; Stevens and 
Carson, 2002; Hautier et al., 2009; Dickson and Foster, 2011) and increasing (Carson and 
Pickett, 1990; Dickson and Foster, 2011) diversity.  Moreover, conditions that promote 
shading can also promote plant diversity.  For example, colonization and establishment of 
new species can sometimes increase with greater plant cover, as in species rich 
communities, despite aboveground competition reducing the mass of colonizing seedlings 
(Zeiter and Stampfli, 2012).  Moreover, nutrient additions can increase plant cover and 
biomass but can also limit the loss of species in response to drought conditions (Tilman, 
1993) and may even have weakly positive effects on richness in some conditions (Carson 
and Pickett, 1990).  Thus, while aboveground competition is certainly a factor in 
determining plant diversity, shading may also exert positive effects on plant diversity.   
While shading certainly limits or, under extreme conditions, even prevents growth 
by subordinate plant species, decreased light intensity may not always have a net, 
negative effect on plant diversity.  Subordinate plant species that are common in sub-
canopies frequently have traits that help maintain positive carbon budgets despite low 
light levels (Daßler et al., 2008), suggesting that other resources, such as water, may be 
more important to their survival than light.  Accordingly, studies that have separated the 
effects of water availability and shading suggest that shading may increase plant diversity 
by reducing heat stress or water limitation (Carson and Pickett, 1990; Goldberg and 
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Miller, 1990; Martin and Wilsey, 2006).  If shading is not generally harmful to plant 
growth and survival, or at least not as harmful as is often suggested, then other factors 
may be responsible for species loss in response to over-shading.   
We suggest that moderate shading by dominant, canopy-forming species does not 
reduce the survival of colonizing seedlings or low stature species already present in the 
sub-canopy, and therefore does not necessarily reduce plant diversity.  To the contrary, 
we propose that shading may be beneficial to plants in the sub-canopy by regulating 
temperature and water loss (fig. 1).  We tested our hypotheses by comparing the light 
requirements of tallgrass prairie species to light availability in tallgrass prairies and 
tracking the effects of light availability on seedlings in a tallgrass prairie restoration in 
central Iowa, USA.  We predicted that while shading may have a direct, negative effect 
on colonizing seedlings by limiting photosynthesis, these effects are not so severe as to 
prevent seedling survival.  Moreover, we predicted that shading has indirect, positive 
effects on seedling survival by ameliorating the negative effects of light (e.g., increased 
temperatures, limited water availability, etc.).  Finally, we predicted that factors 
associated with increased biomass and, therefore, shading (Borer et al., 2014b) such as 
plant diversity (Balvanera et al., 2006) or herbivore removal (Borer et al., 2014b) would 
also increase seedling survival (fig. 1).  
Methods 
Study location 
All experiments were conducted at the Oakridge Research and Education Prairie 
unless otherwise noted.  Oakridge prairie is a 1.6 ha tallgrass prairie restoration in Ames, 
IA (42.035°N, 93.664°W), established in March of 2012.  The experimental design of 
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this prairie has been previously described (Mortensen et al. in review), so that we do not 
provide a detailed description here.  Briefly, we sowed the prairie with a 14-species 
mixture (hereafter the “low- richness treatment”) except in high-richness treatments, 
which received a 51-species mixture including all species from the low-richness 
treatment.  High- richness treatments cover circular areas with a 19.2 m diameter 
centered within each of eight 32 x 32 m blocks.  We built fences around four of the 32 x 
32 m experimental blocks before sowing the prairie to reduce the abundance of 
mammalian herbivores including white-tailed deer (Odocoileus virginianus), prairie voles 
(Microtus ochrogaster), and meadow voles (M. pennsylvanicus).  We trapped within the 
fences regularly during the growing season to maintain experimental reductions of voles.  
A full description of the herbivore reduction treatment, including fence design and 
trapping methods, as well as the effectiveness of the richness treatment, are available 
from Mortensen et al. (in review). 
Light compensation and availability 
We measured the light compensation points, or the intensity of photosynthetically 
active radiation (PAR) at which CO2 fixation from photosynthesis is equal to CO2 
production from cellular respiration, for two legumes, Dalea purpurea (purple prairie 
clover) and Amorpha canescens (leadplant).  Both species are common in tallgrass 
prairies and served as study organisms for both experiments described below.  We grew 
12 seedlings of each species from seed (Prairie Moon Nursery, Winona, MN) for 9-14 
weeks in a greenhouse before measuring light compensation points in the laboratory.  We 
measured CO2 net assimilation rates (A) on one D. purpurea leaf or A. canescens leaflet 
per plant at 22°C, 400 ppm CO2, and PAR intensities of 0, 10, 25, 50, 100, and 200 µM 
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photons*m-2*sec-1 using a LI-COR 6400XT (LI-COR Biosciences, Inc., Lincoln, NE).  
We estimated mean light compensation points and variability using bootstrap estimation 
(n = 10000 replicates) on a second-degree, linear regression in R 3.2.3 (R Core Team 
2015).   
We also compiled known light compensation points for other tallgrass prairie 
species reported in the literature.  We searched Web of Science (Thomson Reuters) and 
Google Scholar for “light compensation point” or “light limitation” and “tallgrass prairie” 
or the names of common tallgrass prairie species, including all those planted in Oakridge 
Prairie.  We only used results from non-cultivar populations and excluded invasive 
species. 
We compared light compensation points of tallgrass prairie species to actual 
lighting conditions in the field using two different approaches.  In the first, we compared 
light compensation points to PAR availability at a single time during peak biomass.  We 
measured PAR availability at ground level in the field at Oakridge Prairie during peak 
biomass from August 10-15, 2015.  We made all measurements within 1.5 hours of solar 
noon using a linear quantum light sensor (MQ-301, Apogee Instruments, Logan, UT).  
Measurements were made 1 m away in all four cardinal directions from each plot 
described in the shading effects experiment below (n = 80 plots).  As plots were placed in 
both low (n = 48) and high (n = 32) richness treatments, we separated these community 
types in our final analysis. 
For comparison, we also report PAR availability from control and herbivore 
reduction plots in tallgrass prairie sites from the Nutrient Network, a globally replicated 
study.  The full design of the Nutrient Network has been previously reported in detail 
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(Borer et al., 2014a).  The seven sites included in this study have been monitored for 1-8 
years and include 2-6, 5x5 m control plots each (appendix table A1).  Herbivore 
reduction plots are surrounded by wire mesh extending 1 m aboveground with four wires 
spaced 0.3 m apart above the mesh.  The bases of each fence are surrounded by additional 
wire mesh extending 0.3 m outward to discourage burrowing.  One of these sites (Doane 
College) provided pre-treatment light data for control and treatment plots so that we 
included all of these observations within this single year.  An eighth tallgrass prairie site 
was not included as it had unusually low species richness (5.06 ±0.11, mean ± SE) 
compared to other tallgrass prairie sites in the study (9.66 ±0.06).  PAR availability at 
ground level was measured annually at each site during peak biomass in late summer 
within 2 hours of solar noon using a linear quantum light sensor as above. 
In our second approach, we monitored PAR availability during the 2016 growing 
season throughout the day in four tallgrass prairies in central Iowa.  In addition to 
Oakridge Prairie, we also included a second tallgrass prairie restoration, Chichaqua 
Bottoms Green Belt (41.792°N, 93.389°W), established in the early 1990’s, and two 
prairie remnants, Anderson-Dyas Prairie (41.972°N, 93.658°W) and Doolittle Prairie 
(42.150°N, 93.589°W).  The Chichaqua Bottoms and Anderson-Dyas sites were burned 
in the spring prior to our study.  By comparison, Oakridge has not burned since its 
planting and Doolittle is only burned very infrequently, resulting in an observably thicker 
layer of litter at these latter sites. 
We measured PAR availability with eight quantum sensors at 400-700 nm and a 
CR1000 data logger (Campbell Scientific, Logan, UT).  Sensors measured PAR 
availability at ground level every 5 seconds and logged average values every minute.  We 
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placed sensors in permanent locations ~2 m apart at regular intervals around a circle with 
a ~3 m radius.  Due to occasional sensor malfunctions, we removed entire days with 
missing or bad data, resulting in some time periods with fewer measurements.  We left 
the data logger and sensors at each prairie for six days at a time, rotating the sensors 
among prairies in a four-week cycle from May 27 until October 20, corresponding with 
completion of the last four-week cycle in which the first frost occurred.  This resulted in 
five, six-day periods of measurement at each site throughout the growing season.  For 
each six-day period, we calculated the average amount of time per day, per sensor that 
PAR was greater than the greatest light compensation point we found for tallgrass prairie 
species reported in this study.  For comparison, we also report average day length, or time 
between sunset and sunrise as reported by the U.S. Naval Observatory for Ames, IA 
(http://aa.usno.navy.mil/data/docs/RS_OneYear.php). 
We used PAR availabilities collected at each of the four tallgrass prairies to 
estimate net carbon assimilation (µmol CO2 m
-2 s-1; Anet) for 12 tallgrass prairie species.  
We applied observed PAR readings to previously reported light response curves 
(McCarron and Knapp, 2001; Smith and Knapp, 2001; Lambert et al., 2011; Lachapelle 
and Shipley, 2012; Liu and Guan, 2012) for each sensor during each time period.  We did 
not apply estimated light curves from our current study as we only measured 
photosynthesis over a limited range of PAR intensities.  Given that seedlings grow taller 
throughout the season and that our sensors consistently measured PAR availability at the 
same height, our predications of Anet are likely conservative estimates. 
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Shading effects on seedling survival 
We measured the effects of shade on seedling survival for D. purpurea and A. 
canescens from July 21-October 19, 2015, coinciding with the first frost of the season.  
During the 2015 growing season, the Palmer Drought Sensitivity Index (PDSI) indicated 
normal to relatively moist conditions in central Iowa (data from 
http://www.cpc.ncep.noaa.gov/products/monitoring_and_data/drought.shtml).  Seedlings 
were grown from seed in a greenhouse for six weeks prior to planting in the field.  We 
planted six seedlings of each species on artificial gopher mounds, representing a common 
form of small scale disturbance in tallgrass prairies.  We built mounds in late May by 
piling ~7.6 liters of sterilized topsoil (as in Nickel et al. 2003) on top of patches that we 
cleared by cutting.  Within each of the four blocks without fencing, six mounds were 
placed in the low-richness treatment and four in the high-richness treatment (n = 40 
plots).  Mounds were not colonized by new seedlings when we planted in July.  We 
placed seedlings ~3-5 cm apart and marked them with colored, plastic bands to aid 
identification of individuals.   
All mounds were covered by 50.8 x 50.8 x 20.3cm (l x w x h) cages constructed 
of 1.3 cm (0.5 in) mesh hardware cloth to exclude vertebrate herbivores.  Vertebrate 
herbivory was further discouraged by applying a capsaicin solution (Hot Pepper Wax, 
Bonide Products Inc., Oriskany, NY) to all seedlings and an animal repellant (Repels-All 
Animal Repellant, Bonide Products Inc.) around the base of the cages immediately after 
planting and after major rainfalls.  We discouraged invertebrate herbivory by applying 
insecticide (Pyganic Crop Protection EC 5.0II, MGK, Minneapolis, MN) to run off one 
time within several hours of planting.  We randomly assigned half of the mounds in each 
79 
block/ richness treatment to the shading treatment, covering the tops and sides of these 
cages in black landscape cloth (Sta-Green Landscape Fabric, Lowes Companies, Inc., 
Mooresville, NC). 
We measured light availability on 40 additional artificial gopher mounds that we 
prepared at the same time and in the same way as our experimental mounds described 
above, though with two exceptions.  Originally prepared as herbivore access plots, we did 
not apply chemical deterrents to these mounds, and we cut 5x5 cm holes at the base of the 
cage on each side to allow access by small mammal herbivores while preserving any 
other environmental effects that may be induced by the cage.  We did not include these 
plots in the current study as severe herbivory eliminated most variation in survival within 
24 hours of planting.  However, the holes cut in the sides of the cages allowed us to 
measure light in the shade and control treatment without disturbing plots retained in the 
current study.  As all plots were cleared before building the artificial mounds, over-
hanging vegetation was uncommon so that light conditions were similar in these as well 
as the cages used in our study.  Holes in the sides of these cages likely increased light 
availability so that our measurements slightly over-estimate the actual light availability in 
our experimental plots.  We measured PAR availability at ground level from two adjacent 
sides of each cage, averaging the two values, at the same time as measuring light 
availability outside of cages at ground level as described above.   
We monitored seedling survival weekly throughout the experiment, recording 
whether or not seedlings were alive based on the presence of living, aboveground tissues.  
Consequently, seedlings could regrow from living roots after being recorded as dead and 
so suffer repeated, aboveground mortality.  If seedlings had died since the previous visit, 
80 
we recorded whether they had died due to herbivory, referred to hereafter as 
“consumptive death” (i.e., the seedling was missing or clipped and left on the ground), or 
some other cause, referred to hereafter as “non-consumptive death” (i.e., the seedling was 
still present and attached to its roots).   
We calculated survival and death rates for both species on each mound using the 
Markov chain survival method.  The Markov method views all time steps as being 
independent and assumes that the previous states of a seedling (living or dead) have no 
effect on its current state.  Thus, the weekly survival or death rates of a species on a given 
mound may be calculated as the proportion of individuals that survived or died from time 
t-1 to time t.  We compared mean, weekly survival and death rates across the entire study 
for each species/plot combination between shade and control treatments using mixed-
effects ANOVA with species and shading as fixed effects and mound nested within block 
as random effects.  All models were run in R using the lmerTest (Kuznetsova et al., 2016) 
and lme4 packages (Bates et al., 2015) with denominator degrees of freedom estimated 
using the Satterthwaite approximation (Satterthwaite, 1946). 
Richness effects on seedling survival 
We measured the effects of plant community richness and herbivores, two factors 
that can affect canopy cover and shading, on the survival of D. purpurea and A. 
canescens seedlings from June 14-October 24, 2013, coinciding with the first frost of the 
season.  During the 2013 growing season, the PDSI indicated normal to relatively moist 
conditions early in the season transitioning to mild to moderate drought conditions 
beginning in late August in central Iowa (data from 
http://www.cpc.ncep.noaa.gov/products/monitoring_and_data/drought.shtml).  Seedlings 
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germinated and grew in a greenhouse for six weeks prior to planting in the field.  We 
planted four seedlings in ~5 cm diameter plots in monocultures or 2:2 polycultures.  Plots 
were ≥5 m apart with 4 plots in each block/ richness treatment (n = 64 plots).  We tracked 
and calculated survival and mortality using the same methods as in the shading 
experiment.  We compared survival and death rates using mixed-model ANOVA with 
species, herbivore abundance (i.e., ambient or reduced), and community richness (i.e., 
high/low-richness prairie seeding) as fixed effects and plot nested within block as a 
random effect. 
We measured plant community biomass and biomass removal by vertebrate 
herbivores throughout the 2013 growing season by comparing biomass inside and outside 
of temporary exclusion plots.  We built four, 1.5x1.5 m temporary exclusion plots within 
each richness treatment per block surrounded by 0.45m wide skirts of 1.3 cm (0.5 in) 
mesh hardware cloth permanently stapled to the ground to discourage burrowing when 
the fences were in place.  Temporary fences were tall enough to exclude deer, rabbits, 
and voles, consisting of 1 m tall, 1.3 cm (0.5 in) mesh hardware cloth stapled to the 
ground and placed around one of the four temporary exclusion plots in each richness 
treatment per block.  We initially placed temporary fences on May 22, 2013, randomly 
relocating them to previously unfenced temporary plots within the same block/treatment 
combination on June 20, August 2, and September 6 before removal on October 11.  
Immediately after moving each fence, we sampled plant biomass inside the temporary 
plots by collecting all biomass in two 0.1x1 m strips.  We also collected biomass from 
0.1x0.5 m strips in four permanent, non-fenced plots in each richness treatment per block.  
We randomly selected strips within each plot for biomass collection without resampling.  
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Biomass was sorted into live and dead material and dried at 60°C for 48 hours before 
weighing.  Differences in live biomass collected each month inside and outside 
temporary fences represent herbivore consumption, hereafter referred to as “herbivore 
offtake.”  We compared total biomass and offtake among treatments using mixed-effects 
ANOVA with richness, herbivore treatment, and sampling period as fixed effects and 
block as a random effect.  We penalized for multiple contrasts between treatments, using 
Tukey’s HSD test as appropriate. 
Results 
Light compensation and availability 
The availability of photosynthetically active radiation (PAR) is frequently greater 
than light compensation points, or the intensity of PAR at which CO2 fixation from 
photosynthesis is equal to CO2 production from cellular respiration, for many plant 
species in tallgrass prairies throughout the day.  We found light compensation points 
from previous studies for 13 plant species commonly occurring in tallgrass prairies 
(appendix table A2).  Combined with Amorpha canescens and Dalea purpurea, which 
fell below and above the range of values found in the literature, respectively (fig. 2), the 
average light compensation point across species is 28.85 ± 3.69 µM photons/m2/sec 
(mean ± SE; 10.36-56.64 min-max).  By comparison, the mean PAR availability near 
solar noon and at peak biomass across all plots and sites was greater, at 281.72 ± 36.79 
µM photons/m2/sec (2.50-1259.05 min-max).  Indeed, more than 50% of all plots at every 
site included in this study had greater PAR availability than the greatest light 
compensation point reported here, regardless of whether or not herbivores were reduced 
(fig. 3).   
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During the 2016 growing season, PAR at ground level was greater, when 
averaged across sites, than all light compensation points reported here for 5.00 ±0.18 
hours per day and greater than the mean compensation point for 7.40 ±0.18 hours per day 
(fig. 4).  PAR exceeded all light compensation points during initial measurements in late 
May to early June on average for 7.49 ±0.25 hours per day and the mean light 
compensation point for 9.75 ±0.19 hours per day, eventually declining to 3.80 ±0.37 and 
6.02 ±0.38 hours per day, respectively, by the end of the growing season in late 
September and October.   
PAR availability was sufficient throughout the day to maintain positive Anet for 
most species based on previously reported light response curves (fig. 5).  Although values 
of Anet declined throughout the season as community biomass increased, we predict that 
most species could have maintained a net gain in carbon assimilation.  The only 
exceptions occurred in the two prairie remnants sampled late in the growing season for a 
subset of four species: one C4 grass (Koeleria macrantha) grown in controlled conditions 
(Lachapelle and Shipley, 2012), although a second light response curve taken from 
natural conditions predicted that this species would experience a net gain throughout the 
season (Smith and Knapp, 2001); and three forbs (Oenothera biennis, Solidago 
canadensis, and Rudbeckia hirta).  Given that seedlings increase in height as they 
assimilate carbon throughout the growing season, measurements of the amount of time 
PAR exceeded light compensation points at ground level are likely underestimates of the 
actual durations experienced by growing seedlings. 
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Shading effects on seedling survival 
Seedling survival increased in the shading treatment of our 2015 study for both A. 
canescens and D. purpurea, the latter of which had the greatest light compensation point 
of all plant species reported here (fig. 2, appendix table A2).  The shading treatment 
reduced the proportion of light reaching the soil surface on average by 88.3% (±1.3%) 
during our measurement period, approximating lighting conditions in the subcanopy (fig. 
3).  Despite this decrease in available light, shading also significantly increased the mean, 
weekly survival rates of seedlings by 164% (shade: 0.596 ±0.050; non-shade: 0.226 
±0.063) by significantly reducing the mean, weekly non-consumptive death rates, or any 
form of mortality in which the seedling was not removed from the plot and was still 
attached to its roots, by 83% (shade: 0.049 ±0.009; non-shade: 0.298 ±0.043; fig. 6, table 
1).  Although the cages significantly reduced death rates from consumption, or any form 
of mortality in which the seedling was removed or clipped at the base of the stem (P < 
0.05, data not shown), they did not completely eliminate it.  Grasshoppers were 
commonly observed consuming seedlings, particularly within 24 hours of planting.  
However, death rates from consumption were not significantly affected by shading inside 
the cages (shade: 0.363 ±0.066; non-shade: 0.484 ±0.055; table 1).  Overall, our findings 
indicate that shading was facilitative, rather than harmful, to seedling survival. 
Richness effects on seedling survival 
Plant richness in our 2013 study increased seedling survival and, in the latter half 
of the growing season, community biomass.  Plant richness increased biomass on average 
by 83% and 49% during the months of July and August leading up to the sampling dates 
in early August and September.  Increased plant biomass resulted from significantly 
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lower herbivore offtake in high than low-richness treatments, a difference representing 
45% of July biomass in the high-richness treatment and nearly equaling the difference in 
biomass between the richness treatments (fig. 7a, table 2).  While community biomass 
differed with richness treatments in other years, these differences were caused by 
herbivores in only 2013 (data from other years not shown).  Whereas herbivores reduced 
biomass in low-richness treatments, the herbivore reduction treatments themselves did 
not significantly affect plant biomass (table 2), suggesting that herbivores responsible for 
changes in biomass were not affected by the reduction treatments such as rabbits, mice, 
or invertebrates. 
In addition to increasing community biomass, plant richness also increased 
seedling survival in the 2013 study for both A. canescens and D. purpurea (fig. 7b, table 
3).  Seedling survival was, on average, 9% greater in high than low-richness treatments.  
While both consumptive and non-consumptive death declined in high-richness 
treatments, these effects were not significant except for non-consumptive death when 
herbivores were reduced.  Seedlings in the herbivore reduction treatment experienced 
57% less non-consumptive death in high than low-richness treatments (fig. 7c).  By 
comparison, richness effects on consumptive death were not affected by the herbivore 
treatment (table 3).  Regardless, seedling survival increased significantly in high-richness 
communities. 
Discussion 
Increased biomass in diverse plant communities appears to increase seedling 
survival by limiting the negative effects of light (fig. 1).  We found that in approximately 
normal years in terms of water conditions, shading in tallgrass prairies is, more often than 
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not, insufficient to prevent carbon assimilation by seedlings in the sub-canopy.  Indeed, 
rather than harming seedlings, our shading experiment increased seedling survival by 
limiting non-consumptive (i.e., non-herbivore) related mortality.  Such positive effects on 
seedling survival likely increase (to a point) with any factor that increases shading or 
cover, such as plant biomass (e.g., Borer et al., 2014b) and diversity (Tilman et al., 1996).  
Accordingly, we found that increased plant richness, which was associated with 
decreased biomass offtake by herbivores, increased both plant biomass and seedling 
survival.  Thus, although extreme shading will undoubtedly limit growth and increase 
seedling mortality, moderate shading approximating that provided by natural canopies 
appears to benefit seedlings growing in the sub-canopy of tallgrass prairies. 
While the positive effects of light in the sub-canopy seem obvious (i.e., increased 
photosynthesis), the positive effects of shade seem less so.  Plants common in sub-
canopies frequently have traits that help maintain positive carbon budgets despite low 
light levels (Daßler et al., 2008), suggesting that other resources such as water may be 
more important to their survival than light.  Therefore, we suggest that, in our studies, 
shading likely reduced water loss through evaporation and/or transpiration, thus 
increasing water availability for plants.  This hypothesis follows the previously described 
“nurse-plant syndrome” (Niering et al., 1963; Turner et al., 1966; Callaway, 1995), 
though we apply this syndrome to a more diffuse set of community-level interactions 
wherein the entire plant community provides the facilitative effect of water conservation 
through shading.  Accordingly, shaded plots in our 2015 study appeared to have wetter 
soils and more bryophyte cover, though we did not formally measure these indicators of 
water availability.  If shading facilitates seedling survival by maintaining water 
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availability, then these positive effects should only be observed when plants are limited 
by water.  If water is not limiting to plant growth, then we may expect that the net effect 
of shading will be to reduce plant growth by limiting photosynthesis.  Such an indirect 
effect may cause apparently discordant results in studies manipulating light availability. 
Studies that have directly (Gibson, 1988; Carson and Pickett, 1990; Rajaniemi, 
2002; Stevens and Carson, 2002; Hautier et al., 2009; Dickson and Foster, 2011) or 
indirectly (Carson and Peterson, 1990; Goldberg and Miller, 1990; Tilman, 1993; Martin 
and Wilsey, 2006) manipulated shading have produced mixed effects on the survival of 
subordinate and/or colonizing plants in the sub-canopy and, by extension, plant richness; 
however, these discordant effects may have been reconcilable had water availability been 
considered.  Among those studies showing only negative effects of shading, water was 
likely not limiting as plots were watered (Hautier et al., 2009), soils were nearly water-
logged (Gibson, 1988), or climatic conditions were unusually wet early in the study 
followed by approximately normal conditions (Stevens and Carson, 2002), climatic 
conditions based on Palmer Drought Severity Index data from station 364325, 
http://droughtatlas.unl.edu/).  Climate has further contributed to the variable effects of 
shade on plant richness with negative or no effects on plant richness during wet years 
(Rajaniemi, 2002; Dickson and Foster, 2011), to positive effects on plant richness during 
dry or drought years (Tilman, 1993; Dickson and Foster, 2011).  Moreover, in studies that 
have explicitly considered the joint effects of shade and water, shading increased (Carson 
and Pickett, 1990) or had relatively little effect on plant diversity (Goldberg and Miller, 
1990; Martin and Wilsey, 2006) except when water was experimentally added, at which 
point shading strongly decreased species diversity.  Indeed, experimental manipulations 
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of cover by plant litter have shown that low amounts of litter increase richness, possibly 
by maintaining soil moisture, though large amounts of litter decrease species richness 
(Carson and Peterson, 1990), likely due to insufficient photosynthetic gains to balance 
energy demands.  In all of these studies, the effects of shade on plant richness shifted 
from facilitative to competitive as plant growth shifted from water to light limitation 
following increased water availability.   
More generally, inter-specific interactions have previously been shown to shift 
from competitive to facilitative as environmental conditions increase in severity (Bertness 
and Shumway, 1993; Callaway et al., 2002; Brooker et al., 2008).  Thus, the strength and 
sign of pairwise interactions between species depends on environmental conditions as 
described in the stress-gradient hypothesis (Maestre et al., 2009).  Our findings add to 
this body of research, showing that the stress-gradient hypothesis may apply to diffuse, 
community scale interactions involving multiple species acting as benefactors and 
beneficiaries.  Indeed, shading may result from multiple species in the canopy, thus 
benefiting multiple species in the subcanopy with sufficiently low light compensation 
points during relatively dry conditions. 
Beyond illustrating that shading is beneficial in harsh conditions, the above 
studies on light availability, in association with our own, indicate the potential for 
shading to increase colonization by new seedlings and permit subordinate species to 
persist in the sub-canopy.  Consequently, factors that reduce the amount of light reaching 
the soil surface during periods such as infrequent removal of biomass due to fire or 
herbivory (e.g., Carson and Peterson, 1990), moderate increases in nutrient availability 
(e.g., Tilman, 1993; Rajaniemi, 2002), and so forth could indirectly increase seedling 
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survival and plant richness.  Thus, these and other effects that increase shading should, on 
average, be neutral in regards to survival and richness as relatively dry and wet years 
should occur at approximately equal rates; however, this is not the case.  Globally, 
shading tends to decrease plant richness following increased nutrient inputs or removal of 
large herbivores independently of annual precipitation, mean temperature, or other 
climatic variables (Borer et al., 2014b).  This loss of plant species occurs even though 
reducing the abundance of large herbivores does not reduce light availability enough to 
exclude many species, or at least in the tallgrass prairies considered here (fig. 3).  Thus, 
while shading may still contribute to increased seedling survival and richness in plant 
communities, other indirect interactions may impose stronger, negative effects. 
A possible negative, indirect effect of shading on seedling establishment and plant 
community richness may be mediated by small herbivores (Levine et al., 2004).  While 
the global study showing negative relationships between shade and plant richness 
controlled for herbivores (Borer et al., 2014b), these treatments are most effective on 
large, vertebrate herbivores.  Other groups such as invertebrates, birds, and small 
mammals (e.g., rodents) may have still been present, responding to changes in light 
availability.  Indeed, small mammals respond both numerically (Taitt and Krebs, 1983; 
Kotler et al., 1988; Johnson and Horn, 2008) and behaviorally (Kotler et al., 1991; Klaas 
et al., 1998; Jacob and Brown, 2000; Orrock et al., 2004; Orrock et al., 2008; Embar et 
al., 2013; Badano et al., 2015) to increased cover and shading, leading to increased 
foraging of seeds and seedlings.  Such negative effects of shade on seedling predation can 
be sufficient to overcome the positive effects mediated by reduced water stress (e.g., 
Badano et al., 2015).  Given our results in association with those showing the potential 
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for shading to increase species richness, we hypothesize that herbivory, rather than low 
light availability and, therefore, photosynthesis, may be responsible for decreasing plant 
richness following moderate increases in shading.  Indeed, small mammals have been 
shown to reduce native plant establishment and, by extension, richness in response to 
increased cover by an invasive forb (Orrock et al., 2008).  As our attempts to directly 
address this hypothesis were thwarted by unusually dense herbivore populations, future 
studies manipulating both shading and herbivore abundance are necessary.  
While water availability and herbivores represent two different mechanisms by 
which shading may affect seedling survival and plant richness, these mechanisms likely 
do not operate independently.  We found that herbivores eliminated the net, positive 
effect of plant richness on non-consumptive mortality by maintaining low, non-
consumptive mortality regardless of richness (fig. 7c).  We suggest that herbivores may 
have indirectly limited non-consumptive death in low-richness communities by limiting 
the effects of competition for resources.  By reducing the abundance of competitors, 
herbivores can limit the negative effects of competition for a limited resource (Mortensen 
et al. in review), in this case water.  By potentially removing water limitation in areas 
with greater amounts of sunlight, herbivores may have eliminated the benefits of shading 
in high-richness communities.  Consequently, although herbivores certainly reduce 
seedling survival through predation, they may indirectly benefit surviving seedlings by 
limiting competition (e.g., Holt, 1977; Stone and Roberts, 1991).  As a result, herbivory 
may be partially compensatory to non-consumptive mortality caused by harsh 
environmental conditions so that the net effect of herbivores may not always be negative, 
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contrary to our original predictions (fig. 1).  Such effects could further contribute to 
variable outcomes from shading experiments that do not control for herbivory.   
In conclusion, shading presents a series of trade-offs for developing seedlings.  
While shading results in less photosynthesis and carbon assimilation for growth, it also 
limits heat and water stress for young plants with limited root systems.  Thus, increased 
seedling survival in high diversity communities as in this or other studies (e.g., Zeiter and 
Stampfli, 2012) may result as greater biomass and cover increase shading, preventing 
water loss from the soil in relatively dry conditions.  In this sense, our results support the 
micro-site availability hypothesis that seedling recruitment is partially limited by 
appropriate growing sites (Crawley, 1990; Eriksson and Ehrlén, 1992); in this case, 
shaded locations that ameliorate harsh abiotic conditions.  However, the effects of 
shading cannot be considered in isolation from the effects of herbivores.  We also suggest 
that herbivores may respond positively to increased shading, increasing risks of seed and 
seedling predation and counteracting the positive effects of shade on seedling survival.  
Alternatively, shading may correlate with decreased predation of seedlings by herbivores 
(e.g., Root, 1973; Atsatt and O'Dowd, 1976; Bach, 1980; Hambäck et al., 2000; 
Milchunas and Noy-Meir, 2002; Unsicker et al., 2006), adding to the beneficial effects 
described above.  Therefore, the effects of shading on seedling survival are not clear cut 
and warrant closer scrutiny. 
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Tables 
Table 1—Effects of species and shading on weekly seedling survival and mortality rates.   
    Survival 
 
Non-consumptive 
death 
 
Consumptive 
death 
Effect NumDF DenDF F P   DenDF F P   DenDF F P 
Species 1 38 0.50 0.483 
 
38 1.91 0.175 
 
38 3.81 0.058 
Shade 1 38 12.35 0.001 
 
38 24.49 <0.001 
 
38 1.13 0.295 
Sp x Shade 1 38 0.57 0.453 
 
38 1.89 0.178 
 
38 3.60 0.066 
 
 
Table 2—Effects of plant richness and herbivores on community biomass and herbivore 
offtake. 
    Biomass 
 
Herbivore offtake 
Effect NumDF DenDF F P   DenDF F P 
Community Richness 1 42 26.26 <0.001 
 
48 4.30 0.043 
Herbivores 1 6 1.77 0.232 
 
48 1.86 0.179 
Date 3 42 22.22 <0.001 
 
48 2.52 0.069 
Richness x Herbivores 1 42 0.80 0.375 
 
48 0.46 0.502 
Richness x Date 3 42 3.09 0.037 
 
48 1.91 0.140 
Herbivores x Date 3 42 0.88 0.461 
 
48 0.33 0.801 
Richness x Herb. x Date 3 42 1.00 0.404 
 
48 1.70 0.181 
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Table 3— Effects of species, herbivores, and plant richness on weekly seedling survival 
and mortality rates.  Consumptive death includes cases where seedlings were missing 
during weekly sampling or clipped and left on the soil surface.  Non-consumptive death 
includes any form of mortality in which the seedling was still present and attached to its 
roots during sampling.   
    Survival 
 
Non-consumptive 
death 
 
Consumptive death 
Effect NumDF DenDF F P   DenDF F P   DenDF F P 
Species 1 188 6.78 0.001 
 
188 0.50 0.477 
 
188 8.62 0.004 
Herbivores 1 6 1.60 0.253 
 
6 0.76 0.418 
 
6 2.76 0.148 
Richness 1 54 4.33 0.042 
 
54 2.94 0.092 
 
54 3.17 0.081 
Sp x Herb. 1 188 2.69 0.103 
 
188 0.16 0.686 
 
188 3.43 0.066 
Sp x Richness 1 188 0.23 0.634 
 
188 0.22 0.642 
 
188 0.42 0.517 
Herb. x Richness 1 54 0.41 0.523 
 
54 5.87 0.019 
 
54 <0.01 0.995 
Sp x Herb. x Rich 1 188 0.13 0.714 
 
188 0.32 0.574 
 
188 0.05 0.817 
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Figures 
 
Fig. 1—Predicted relationship between shade and seedling survival, as mediated by 
biotic and abiotic conditions.  Overall, we suggest that shading promotes seedling 
survival by limiting the negative effects of light, such as overheating and water loss.  
Solid and broken lines represent positive and negative relationships, respectively. 
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Fig. 2—Light compensation points for tallgrass prairie species.  Boxes and whiskers 
represent the distribution of bootstrap estimates for A. canescens and D. purpurea.  Other 
values were found in previously reported studies (see appendix table A2), with multiple 
points for a single species representing values reported from multiple studies.   
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Fig. 3—PAR availability at the soil surface at peak biomass (typically late summer) ±2 
hours of solar noon at seven tallgrass prairies (see appendix table A2), separating low- 
and high-richness plots for Oakridge Prairie.  Control (C) and herbivore reduction (R) 
treatments are marked for sites in the Nutrient Network.  Numbers represent the number 
of plot/year combinations measured at each site, boxes and whiskers represent the 
distribution of points following percentiles defined in figure 2, open points represent 
outlying values, and the shaded region represents the range of light compensation points 
shown in figure 2.   
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Fig. 4—Mean hours per day in which PAR levels at the soil surface are greater than the 
light compensation point for D. purpurea, the greatest light compensation point found in 
this study (filled points), and the average light compensation points across species (gray 
points) ±95% confidence intervals.  Points are separated by period of data collection and 
site.  Mean hours of daylight, or time between sunrise and sunset (open points), are 
provided for reference.   
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Fig. 5—Predicted, mean values of net carbon assimilation (Anet: µmol CO2 m-2 s-1) of 
tallgrass prairie species across sensor locations at four prairies, with Oakridge Prairie 
separated by high- and low-richness plantings.  Net carbon assimilation was calculated 
based on average PAR availability each minute during the time periods indicated using 
previously reported light response curves (appendix table A2).  Positive values, above the 
dotted line, indicate net carbon gain or cases where carbon fixation from photosynthesis 
exceeded carbon loss from dark respiration.  Individual species are indicated by numbers 
as listed in the legend with multiples representing predictions based on light response 
curves from different studies for the same species. 
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Fig. 6—Shading effects on the demographic probabilities of A. canescens and D. 
purpurea seedlings at Oakridge Research and Education Prairie in Ames, Iowa, USA.  
Consumptive death includes cases where seedlings were missing during weekly sampling 
or clipped and left on the soil surface.  Non-consumptive death includes any form of 
mortality in which the seedling was still present and attached to its roots during sampling.  
Error bars represent 95% confidence intervals. 
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Fig. 7—Richness effects on plant community biomass and seedling survival at Oakridge 
Research and Education Prairie in Ames, Iowa, USA. (a) Difference in plant community 
biomass and herbivore offtake between high and low-richness treatments.  (b) Richness 
effect on demographic rates for A. canescens and D. purpurea seedlings based on least 
squared mean estimates from models (table 3).  Consumptive death includes cases where 
seedlings were missing during weekly sampling or clipped and left on the soil surface.  
Non-consumptive death includes any form of mortality in which the seedling was still 
present and attached to its roots during sampling. Points are based on least squared mean 
estimates from mixed-effects models (table 3).  (c) Probability of non-consumptive death 
in each treatment.  Different letters indicate significantly different means.  Error bars in 
all panels represent 95% confidence intervals, adjusted using Tukey’s multiple 
comparisons for panel c. 
  
110 
Appendix: Supporting Tables 
Table A1—Site locations and number of years and plots measured for light availability. 
Site Years N plots Latitude Longitude 
Cedar Creek LTER 2008-2010, 2012, 2015 a10 45.425 -93.212 
Chichaqua Bottoms 2009-2014 b9 41.785 -93.385 
Doane College Spring 
Creek Prairie 2012 12 40.695 -96.854 
 
2013-2014 2 
  Hall's Prairie 2007-2014 a6 36.872 -86.702 
Konza LTER 2007-2010, 2014 a6 39.071 -96.583 
Lakeside Lab 2015 3 43.379 -95.186 
Oakridge Prairie 2015 80 42.035 -93.664 
Temple 2007-2010, 2012-2013 4 31.044 -97.349 
aPlots were equally divided amongst 3-5 blocks, with one plot per block randomly 
assigned to the herbivore reduction treatment 
bPlots were equally divided amongst six blocks, with one control plot in each block 
and one herbivore reduction plot in each of three blocks. 
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Table A2—Light compensation and saturation points found in the literature for tallgrass 
prairie species.  
Func. 
group 
Species 
Light 
compensation 
point (PAR 
µM*m-2*sec-1) 
Light 
saturation 
point (PAR 
µM*m-2*sec-1) 
Source 
C4 grasses 
 
 
 
 
Andropogon gerardii 52.89 — (Knapp et al., 1993) 
  
19.2 — (McCarron and Knapp, 2001) 
  
22.7 — (Smith and Knapp, 2001) 
  
17 — (Lambert et al., 2011) 
  — 500.0-1000.0 (Maricle and Adler 2011) 
 
Bouteloua curtipendula 54.2 — (Liu and Guan, 2012) 
 
Schizachyrium scoparium 14 — (Lambert et al., 2011) 
  — 500.0-1000.0 (Maricle and Adler 2011) 
 
Sorghastrum nutans 20 — (Lambert et al., 2011) 
 
Panicum virgatum *<36 — (Knee and Thomas, 2002) 
  41.7 1369.8 (Gao et al. 2015) 
C3 grasses 
 
 
 
 
Elymus canadensis 13.5 — (Smith and Knapp, 2001) 
 
Koeleria macrantha 21.6 — (Smith and Knapp, 2001) 
  
17.92 — (Lachapelle and Shipley, 2012) 
Forbs 
 
 
 
 
Echinacea purpurea *<36 — (Knee and Thomas, 2002) 
 
Lactuca ludoviciana 35.5 — (Smith and Knapp, 2001) 
 
Oenothera biennis 14.87 — (Lachapelle and Shipley, 2012) 
 
Solidago canadensis 48.36 — (Hu et al., 2007) 
  
14.51 — (Lachapelle and Shipley, 2012) 
 
Ratibida pinnata *<36 — (Knee and Thomas, 2002) 
 
Rudbeckia hirta 17.97 — (Lachapelle and Shipley, 2012) 
Legumes 
 
 
 
 
Amorpha canescens 10.36 — Current study 
 
Dalea purpurea 56.64 — Current study 
 
Lespedeza capitata 33.2 — (Smith and Knapp, 2001) 
 
Psoralea tenuiflora 40.4 — (Smith and Knapp, 2001) 
Bryophytes 
 
 
 
 
Bryophytes ~30 — (O'Keefe van der Linden and 
Farrar, 1983) *Not shown in graph or included in calculations as exact values could not be approximated 
 
  
112 
CHAPTER 4. DEFENSIVE TRADE-OFFS ARE NOT PREREQUISITES TO 
PLANT DIVERSITY IN A TWO SPECIES MODEL 
A paper submitted to Oikos for review 
Brent Mortensen1*, Karen C. Abbott2, Brent Danielson1 
1Department of Ecology, Evolution, and Organismal Biology, Iowa State University, 
Ames, IA 50011 
2Department of Biology, Case Western Reserve University, 10900 Euclid Avenue, 
Cleveland, OH 44106 
*Primary author 
Abstract 
Trait-based theories of biodiversity consider interspecific trade-offs among species-
specific traits as prerequisites to maintaining community evenness, a component of 
species diversity.  Such trade-offs are commonly observed in plant communities, 
particularly in relation to traits associated with resistance to herbivory.  Indeed, global 
experiments show that interspecific trade-offs are common between plant defense and 
growth or competitive ability; however, the positive effects of herbivory on plant 
diversity predicted by theories with trait-based trade-offs are far less commonly observed.  
Moreover, both the overall and relative importance of these trade-offs in promoting plant 
diversity are not well known.  To disentangle the relationships among growth, 
competition, and defense in relation to plant community evenness, we built a model that 
describes the effects of a shared herbivore on two plant species with the potential to differ 
in each of these traits.  While trade-offs between plant defense and growth or competitive 
ability can increase plant diversity via evenness, this is not always the case.  Herbivores 
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may increase plant diversity even in the absence of defensive trade-offs, preferentially 
consuming apparently maladapted species, by limiting the negative effects of 
interspecific interactions.  Therefore, the importance of defensive trade-offs in increasing 
diversity may not be as important, or as straightforward, as previously hypothesized.  
Introduction 
The mechanisms of species coexistence and compositional diversity constitute a 
foundational principle in community ecology, yet the identities of these mechanisms 
remain as important questions in ecology (Sutherland et al. 2013).  Multiple hypotheses 
explain the maintenance of biodiversity despite competition for limited resources (e.g., 
Lotka 1925, Volterra 1926, Hutchinson 1959, Levin 1970, Holt 1977, Holt et al. 1994, 
Chesson 2000, Chase and Leibold 2003, McPeek 2014), each essentially drawing the 
same conclusion that diversity is greatest when species are limited by different factors 
due to differences in traits and abilities.  Thus, these trait-based theories of coexistence 
predict that as a species increases in its ability to cope with one factor, its ability to cope 
with a second must decline, or “trade off,” in comparison to coexisting species (e.g., 
Mole 1994).  However, while interspecific trade-offs (hereafter, “trade-offs”) generally 
promote greater community evenness and diversity by limiting dominance by one or a 
few species in theory, trade-offs are not always associated with greater biodiversity in 
practice. 
Trade-offs in plants are well documented, particularly in relation to plant defenses 
against herbivory (Coley et al. 1985, Herms and Mattson 1992, Mole 1994, Stamp 2003, 
Agrawal 2011).  Defenses against herbivory are costly in terms of energy and materials 
(Simms 1992, Bergelson and Purrington 1996, Strauss et al. 2002) and are commonly 
114 
associated with decreased growth (Coley et al. 1985, Lind et al. 2013) or competition 
(Chase et al. 2002, Viola et al. 2010).  These trade-offs provide a commonly cited 
mechanism by which herbivores can maintain or increase plant diversity as they limit 
dominance by fast-growing (Lind et al. 2013, Borer et al. 2014) or competitively 
dominant species (Viola et al. 2010; see also Chase et al. 2002, Hillebrand et al. 2007); 
however, herbivores do not always affect species diversity as predicted.  Although 
herbivores do increase diversity when they consume dominant species (Hillebrand et al. 
2007, Viola et al. 2010, Borer et al 2014), they can also preferentially consume 
subdominant or rare species (e.g., Howe and Brown 1999, Hillebrand et al. 2007, Viola et 
al 2010, Ancheta and Heard 2011).  Indeed, interspecific trade-offs between defense and 
growth or competitive ability do not necessarily apply to all species in a community 
(Viola et al. 2010, Lind et al. 2013).  The absence of a universal trade-off with herbivore 
defense raises questions of whether or not herbivores can increase plant diversity in 
communities containing species with relatively poor defenses and competitive abilities or 
growth rates and, if so, how. 
Models tracking population sizes via births and deaths may not be the most 
appropriate approach for plant communities as herbivory rarely kills an entire plant 
(McNaughton 1983, Morris 2009).  Instead, plant-herbivore communities may be better 
modeled in terms of mass that is both edible and accessible to herbivores (as in Vos et al. 
2004, Feng et al. 2009), as plants may recover this mass lost to herbivory through 
compensatory regrowth.  Importantly, regrowth of edible biomass can occur rapidly even 
after severe depletion, as plants can mobilize energy stored in structures such as roots 
(Noy-Meir 1975, McNaughton 1983, Turchin and Batzli 2001, Owen-Smith 2008).  
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Moreover, many existing resource-consumer models fail to consider trade-offs between 
growth, defense, and competition that may be common across plant species.  Those 
models that do consider such effects (e.g., Mole 1994, Järemo and Palmqvist 2001, 
Dormann 2002, Ishii and Crawley 2011) typically consider traits that trade off according 
to a specific function without exploring the broader trait combinations that may exist in 
real plant communities.   
To better understand the effects and relative importance of trade-offs between 
resistance to herbivory and competitive ability or growth, we developed a model 
describing the effects of a shared herbivore on plant evenness, a component of diversity, 
when species differ in relation to these traits.  Evenness measures the relative distribution 
of species within a community, with communities consisting of species with equal 
abundances represented by high values of evenness.  Such measures of relative 
abundance are common components of diversity indices and can affect the number of 
species, or richness, in a community (Pimm et al. 1988, Leach and Givnish 1996, Duncan 
and Young 2000, Wilsey and Potvin 2000, Fox 2005, Hulvey and Zavaleta 2012).  We 
modeled changes in plant diversity via changes in evenness by combining elements from 
consumer-resource and predator functional response models (Holling 1961, Turchin and 
Batzli 2001) with elements from apparent competition (Holt 1977) and interspecific 
competition models (Lotka 1925, Volterra 1926) while permitting rapid regrowth of 
edible biomass from stored energy (Noy-Meir 1975, McNaughton 1983, Turchin and 
Batzli 2001).  The resulting model suggests that defensive trade-offs may not be 
necessary for herbivores to promote plant diversity. 
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Model 
The logistic model is the central building block for most population models, but it 
can be problematic when modeling plant biomass that is both edible and accessible to 
herbivores (referred to hereafter as “aboveground biomass”).  Contrary to the logistic 
model, the growth rates of many plant populations are positive even when aboveground 
biomass is absent (Noy-Meir 1975, Morris 2009).  Aboveground biomass can regrow, 
sometimes quite rapidly, from stored reserves (sensu Chesson 2000) such as in roots (Erb 
2012, Hock 2014) or seeds in the seedbank.  Therefore, the logistic model can severely 
overestimate the degree to which aboveground herbivores suppress plant population 
growth (Owen-Smith 2008).  An alternative formulation that allows for a contribution of 
stored energy on aboveground growth is, 
𝑑𝑁𝑖
𝑑𝑡
= (𝑅𝑖 + 𝑟𝑖𝑁𝑖) (1 −
𝑁𝑖
𝑘𝑖
), 
where Ri is the contribution of unmodeled, inedible stores and ri is the contribution, per 
unit biomass, of existing, edible biomass to the growth of new edible biomass up to a 
carrying capacity, ki.  When Ri << ri Ni, (Ri + ri Ni) ≈ ri Ni and we recover the logistic 
model.  When Ri >> riNi, (Ri + ri Ni) ≈ Ri and we have the “regrowth model” used by 
Turchin and Batzli (2001) and others.  In this paper, we use the latter model as the most 
realistic representation of aboveground plant dynamics on reasonably short time scales 
(Owen-Smith 2008).  However, the true reality is intermediate to the regrowth model and 
the logistic model, so we will return to the logistic formulation later in order to give 
context to our results. 
Extending the regrowth model to include Lotka-Volterra competition among two 
competing plant populations, we have   
[1] 
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𝑑𝑁𝑖
𝑑𝑡
= 𝑅𝑖 (1 −
𝑁𝑖+𝑁𝑗𝛽𝑖,𝑗
𝑘𝑖
) 
where βi,j represents the effect of species j on species i relative to the effect of species i on 
itself.  For simplicity, we assume that all competitive interactions occur in proportion to 
the modeled aboveground biomass of each species.   
Given that the regrowth model is capable of unrealistic behavior (i.e., negative 
biomass) under some parameter settings, we restrict our analysis to cases where this does 
not occur.  Consequently, we limit our use of this model to those conditions in which 
both plant species stably coexist as defined by Gotelli (2001):  
𝛽𝑖,𝑗 <
𝑘𝑖
𝑘𝑗
<
1
𝛽𝑗,𝑖
 
Although we limit the use of this model to those conditions defined by inequality 3 to 
avoid unrealistic outcomes, such outcomes may be dealt with by setting Ni = 0, or Nj = 0, 
depending on the starting conditions if both inequalities are reversed, when these 
conditions are violated. 
From equation 2, the equilibria for Ni in a system with two plant species is: 
𝑁𝑖
∗ =
𝑘𝑖−𝑘𝑗𝛽𝑖,𝑗
1−𝛽𝑖,𝑗𝛽𝑗,𝑖
. 
In the absence of herbivory, these equilibria match those from Lotka-Volterra 
competition and are stable over long timeframes.   
This equilibrium may be altered by the presence of a shared herbivore (H).  
Extending the regrowth-herbivory model presented by Turchin and Batzli (2001) to two 
plant species: 
𝑑𝑁𝑖
𝑑𝑡
= 𝑅𝑖 (1 −
𝑁𝑖+𝑁𝑗𝛽𝑖,𝑗
𝑘𝑖
) − (
𝑁𝑖𝐻𝑎𝑖
1+𝑏(𝑁𝑖𝑎𝑖+𝑁𝑗𝑎𝑗)
). [5] 
[2] 
[4] 
[3] 
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Here, we assume that all aboveground plant biomass (Ni) may serve as a valid food 
source for the herbivore which follows a fine-grained search pattern.  The likelihood that 
a herbivore encounters a unit of plant mass increases with the mass of both the plant 
species and the herbivore.  Once encountered, the herbivore will attack a plant at a 
maximum rate specific to that species (ai), allowing preferential consumption.  The 
herbivore is constrained by a handling time, b, which we assume is the same for both 
plant species.   
The mass of the herbivore is modeled as: 
𝑑𝐻
𝑑𝑡
=
𝑐𝐻(𝑁𝑖𝑎𝑖+𝑁𝑗𝑎𝑗)
1+𝑏(𝑁𝑖𝑎𝑖+𝑁𝑗𝑎𝑗)
−𝑚𝐻, 
where c is the conversion efficiency of consumed plant mass to new herbivore mass and 
m is the rate at which herbivore mass is lost through mortality and respiration per unit of 
existing mass.  The three-species equilibrium for this system is described in Appendix 1 
of the Supplementary Material. 
In the presence of herbivores, the regrowth model should only be used when 
equilibrium can be reached relatively quickly, such as in one to two growing seasons, as 
it assumes an inexhaustible potential to regrow aboveground biomass.  Over longer 
timeframes, persistent herbivory may diminish these stores leading to variable growth 
rates and additional outcomes, such as patterns of species coexistence, beyond those 
predicted by the regrowth model (Owen-Smith 2008).  However, our model is still 
applicable as relatively brief changes in the intensity or occurrence of herbivory are 
common in natural systems as in the case of population cycles (e.g., Turchin and Batzli 
2001) or heterogeneous foraging (e.g., McNaughton 1985, Jacob and Brown 2000, Nickel 
et al. 2003) that can strongly affect plant diversity.   
[6] 
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We define plant defense here as any plant trait that limits consumption by 
herbivores (i.e., resistance), though some effects of tolerance may still occur by 
manipulating growth rates as explained below.  Plant defense may differ across species 
through differences in the rate at which the herbivore attacks a given species (ai), the time 
the herbivore spends handling plant tissues (b), or the conversion efficiency of plant mass 
into herbivore mass (c; e.g., digestive inhibitors). We choose to model differences in 
defense as differences in herbivore attack rate (ai), while keeping handling time (b) and 
conversion efficiency (c) the same for both plant species.  Although factors influencing 
attack rate may also affect handling time and/or conversion efficiency, these latter effects 
have been previously considered (Feng et al. 2009) and so are not addressed here. 
We determined the effects of herbivores on plant diversity in our model over a 
broad range of parameter combinations both with and without defensive trade-offs.  We 
define defensive trade-offs here as those cases in which a species that is attacked less 
often also grows more slowly or is a poorer competitor (sensu Chase et al. 2002, Viola et 
al. 2010, Lind et al. 2013).  In all cases, we assume that all parameters are fixed so that 
we only consider constitutive rather than inducible defenses (as in Vos et al. 2004), and 
only trade-offs between growth or competition and defense that vary at the level of the 
species but not the individual. 
Diversity 
Plant diversity is commonly measured either in terms of the total number of 
species present or their relative abundances.  As our model deals with a fixed number of 
plant species, we consider diversity in terms of the relative masses of each species.  This 
consideration matches common diversity indices that rely on measurements such as 
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number, cover, or mass to determine relative abundance.  While we will eventually use 
the Shannon’s index to calculate diversity and interpret the results of the model, let us 
first consider plant diversity as the ratio of their masses, as this leads to a more intuitive 
understanding of the model and our results.   
A 1:1 ratio of the plant species’ masses, or equal biomass between species, 
represents the maximum possible diversity in this system.  Thus, the effects of 
competition on plant diversity can be visualized, on a graph with the species’ masses on 
the axes, as the angle formed between the 1:1 line and a line passing through the origin 
and the equilibrium point under herbivore-free conditions.  As competitive interactions 
decrease plant diversity, the size of this angle will increase from 0° to 45° (fig. 2). 
The effects of herbivores may be added to this two-dimensional representation by 
considering the two-species graph as the resource state space of the herbivore.  
Consequently, the equilibrium for the entire system rests at a single point along the 
herbivore zero net growth isocline (ZNGI), described in Appendix 1 of the 
Supplementary Material.  As before, plant diversity relative to the maximum potential 
diversity can be visualized as the angle formed between the 1:1 line and a line passing 
from the origin through the herbivore induced equilibrium (fig. 2).  The difference 
between the angles formed in the presence and absence of herbivores is representative of 
the effect of herbivores on plant diversity. 
Describing changes in diversity in terms of these angles is useful in a descriptive 
sense, but is not commonly used in ecology.  Therefore, although we will return to this 
graphical representation to aid in the discussion of some results, for the remainder of the 
paper we report changes in diversity as changes in the inverse natural log of Shannon’s 
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diversity (eSh), though, because we are interested only in directional trends, any diversity 
index that measures evenness may also be used to produce the same qualitative results 
presented here.  Shannon’s diversity is calculated as  
𝑆ℎ = −∑𝑝𝑖(ln 𝑝𝑖)
𝑛
𝑖=1
 
where pi represents the proportion of mass represented by species i in a community of n 
species.  Thus, in our two-species model, the effect of herbivores on plant diversity may 
range from -1, representing the complete loss of one species from a system with 
maximum diversity, to 1, representing the establishment of maximum diversity when one 
species was previously absent. 
Herbivore effects on diversity 
Herbivores may affect the relative biomass, and therefore diversity, of plant 
species as a result of direct or indirect interactions (Holt 1977).  Herbivores directly 
affect both plant species as they encounter and consume plant biomass (fig. 3a).  
Additionally, either plant species may indirectly affect the abundance of the other by 
changing the mass of the herbivore and, therefore, the amount of plant material 
consumed.  This indirect, negative effect mediated by the herbivore is consistent with 
apparent competition, as has previously been described in detail (Holt 1977).  Thus, 
herbivores may increase plant diversity in the presence of a trade-off by reducing the 
abundance of species that are superior in terms of direct and/or apparent competition.  
However, defensive trade-offs neither guarantee nor are necessary requirements for 
herbivores to increase plant diversity because the release from competition following 
herbivory of either species represents a second indirect effect.  As we show, this latter 
[7] 
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indirect effect does not always require a defensive trade-off to result in higher diversity 
with herbivory. 
Application 
We apply this model to a tallgrass prairie community, considering the relationship 
between two perennial legumes, purple prairie clover (Dalea purpurea) and leadplant 
(Amorpha canescens), and a shared herbivore, voles (Microtus spp.).  Voles are a 
common, abundant herbivore in tallgrass prairies that strongly shape the development and 
maintenance of plant diversity (Howe and Brown 1999, Howe et al. 2006), making them 
an appropriate representative for herbivores in our application of the model.  However, 
our model may be just as appropriately applied to other generalist herbivores in this or 
other systems.   
We selected baseline parameters from values reported for these or closely related 
organisms that allowed coexistence in the presence and absence of herbivores (table 1).  
Consequently, our application of the model approximates but does not necessarily apply 
exactly to any single, real system.  To establish conditions in which both plant species are 
identical for every parameter, we necessarily set competition coefficients and carrying 
capacities outside of observed ranges.  However, the observed ranges for each parameter 
still allow some insight into the extent that these variables might differ in modeling 
growth-defense or competition-defense trade-offs. 
In addition to calculating outcomes across a range of competition, growth, and 
attack rates, we also determined outcomes for different values of e, b, and m, all 
pertaining to the herbivore, as well as k2.  The full list of parameter combinations tested is 
available in Appendix 3 of the Supplementary Material.  The qualitative results are 
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consistent for all parameter combinations that we tested so that we only discuss the 
results produced by parameters listed in table 1. 
We consider all outcomes from the application of our model in terms of the three-
species equilibria (Supplementary material Appendix 1).  Thus, every point shown in the 
resulting graphs (fig. 4-5) represents the equilibrium value for a different community 
composition with species possessing the corresponding traits.  We assume that these 
equilibria are achieved without seasonal fluctuations capable of annually resetting the 
system.  While assuming aseasonality in a temperate system is an oversimplification, it is 
not entirely unreasonable to expect that some plant communities, with their associated 
herbivores, may achieve, or at least approach, equilibrium within a growing season from 
initial conditions established by prior seasons’ dynamics.  For example, many perennial, 
grassland species possess belowground stores that permit rapid growth and response to 
changes in the environment (Golley 1960, del-Val and Crawley 2004, Erb 2012, Hock 
2014).  Small-bodied herbivores with high recruitment, such as many rodents, may 
similarly be able to rapidly respond to changes in the plant community (Golley 1960, 
Holling 1961, Taitt and Krebs 1981).  Therefore, a plant-herbivore community may 
approach an equilibrium as modeled here such that these conclusions are reasonable 
approximations of actual outcomes. 
As we seek to compare conditions in which herbivores increase plant diversity to 
conditions where they decrease diversity, we limit our analyses to scenarios in which 
herbivores may potentially have either effect.  Therefore, we limit our analyses and 
discussions for all trade-offs to conditions that allow the plant species to stably coexist in 
the absence of herbivory, as described by inequality 3, so that all equilibria presented 
124 
here are stable.  Outside of these bounds, coexistence is not possible in the absence of 
herbivory so that herbivores could only increase or have no effect on diversity.   
We emphasize that different parameter combinations in our model represent 
different species rather than intraspecific, physiological trade-offs or evolutionary 
transitions.  Moreover, as we consider all possible combinations of parameters within the 
bounds described above, we do not make specific a priori predictions for interspecific 
trade-offs.  For all outcomes presented below, defensive trade-offs occur when  
𝑑𝑥𝑖
𝑑𝑎𝑖
> 0 
where xi represents Ri or βi,j, depending on the trade-off considered. 
Growth-Defense Trade-Off 
As plant defenses are thought to exhibit negative, interspecific relationships with 
growth more often than they do with competition in global grasslands (Lind et al. 2013), 
we first consider the effects of a growth-defense trade-off, or a lack thereof, on plant 
diversity.  Such a trade-off parallels the tolerance-resistance trade-off described by Coley 
et al. (1985), except that in our model growth does not change following herbivory.  We 
measure growth as productivity, governed by the growth terms in equation 5, so that 
productivity increases with both intrinsic growth rate (Ri) and carrying capacity (ki).   
First, let us consider the effects of independently changing a2 and R2 to represent 
species with different trait combinations, while holding all other parameters constant as 
listed in table 1, unless otherwise noted.  For any combination of a2 and R2, herbivores 
cannot increase diversity when all other plant parameters are equal.  This is because (1) 
growth and attack rates do not affect the equilibrium for either species in the absence of 
herbivores (see eq. 5 when H = 0) and (2) the competition coefficients (βj,i, βi,j) and 
[8] 
125 
carrying capacities (ki, kj), which do affect the equilibria, are identical between the 
species.  As a result, both species always occur with equal mass when herbivores are 
absent such that herbivores cannot increase diversity regardless of a growth-defense 
trade-off (fig. 4D).  However, herbivores may increase plant diversity when competitive 
asymmetries in either direction reduce plant diversity in their absence (e.g., fig. 4B-C, E-
F). 
To better understand how a trade-off between growth and attack rates affects plant 
diversity in the presence of other asymmetries such as competitive ability, the effects can 
be considered in three-dimensions (fig. 4A).  For any combination of R2 and a2, there are 
two values of β1,2 at which plant diversity is the same in the presence and absence of 
herbivores.  One of these values for β1,2 maintains the same N1:N2, and therefore 
diversity, when herbivores are present as when they are absent.  The other value of β1,2 
inverts N1:N2 in the presence of herbivores such that while the dominant species changes, 
the realized diversity is held constant with the addition of herbivores (e.g., fig. 2).  
Identifying these two points for every combination of R2 and a2 produces two surfaces on 
which herbivores have no effect on plant diversity (fig. 4A).  At points above or below 
both surfaces, with respect to the β1,2-axis, competitive asymmetries are sufficiently 
strong that herbivores increase plant diversity by limiting the abundance of either plant 
species and, therefore, competition.   
At a particular level of competitive asymmetry (β1,2), the effects of herbivory on 
plant diversity can be viewed on a plane running parallel to the R2-a2 plane in figure 4A.  
When β1,2 = β2,1, the plane is always above one surface and below the other, with respect 
to the β1,2-axis, except along the line where it intersects both surfaces simultaneously (a 
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generalized, mathematical description of this intersection, which is not affected by β1,2, is 
available in Appendix 4 of the Supplementary Material).  However, when competition 
coefficients are unequal, herbivores may increase plant diversity, even without a trade-off 
between growth rate and defense.  As we increase the difference between β1,2 and β2,1, the 
proportion of R2-a2 combinations that allow herbivores to increase diversity expands, 
extending into combinations that do not represent a defensive trade-off (fig. 4B-C, E-F; 
inequality 8).   
When herbivores increase plant diversity in the absence of a trade-off, they do so 
by reducing the mass of the competing species and, therefore, weakening competition.  
As long as this reduction in direct competition outweighs the effects of apparent 
competition, herbivores can increase diversity without a growth-defense trade-off.  For 
example, in the upper-right portion of figure 4E, species 2 may be described as a “super 
species” as it grows faster and is attacked less than the relatively “maladapted” species 1.  
However, herbivores in this scenario may still increase diversity as growth is density 
dependent; consequently, the rarer species 1 (by virtue of its inferiority) has a greater 
capacity to respond to competitive release than the superior species 2.  The effects of this 
competitive release parallels those described by Levin (1970) where a shared herbivore 
increases the number of factors limiting plant growth, thus reducing interspecific 
competition.  This outcome holds so long as R2, and therefore apparent competition, is 
relatively low compared to the reduction in direct competition mediated by herbivory (as 
in the upper half of fig. 4B-C, E).  Consequently, as direct competitive asymmetry 
increases, herbivores increase plant diversity at a greater number of R2-a2 combinations 
that do not represent a trade-off (fig. 4).  In sum, a trade-off between growth rate and 
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defense is not necessary for herbivores to increase plant diversity when interspecific 
competition is asymmetric, regardless of which species has the higher competition 
coefficient.   
Through the same mechanism, if we set R1 = R2 and create asymmetric growth 
rates through asymmetries in k1 and k2, we readily find analogous conditions in which 
herbivores increase plant diversity without a growth-defense (in this case, ki-ai) trade-off 
(see Appendix 4 of the Supplementary Material).  Thus, herbivores may still increase 
diversity in the absence of a trade-off, as long as the plant species are competitively 
dissimilar, by providing species-specific responses to release from direct competition.   
The qualitative effect of herbivores on plant competition, and thus diversity, is 
insensitive to parameters that may affect their equilibrium mass (i.e., b, c, and m) so long 
as their mass is greater than zero as confirmed by applying the model to different 
combinations of these parameters (Supplementary Material Appendix 3).  While greater 
plant masses cause stronger effects of competition when less herbivore mass is present, 
herbivores may still ease these negative effects for some, though admittedly fewer, cases 
where a2 < a1 and R2 > R1 and vice versa.   
Competition-Defense Trade-Off 
Though not universal (Viola et al. 2010), plant defense may trade off with 
competitive ability via differences in the competition coefficients (βj,i) or carrying 
capacities (ki) between species.  As we have shown for a growth-defense trade-off, a 
trade-off between competitive ability and defense is also unnecessary for herbivores to 
increase plant diversity.  Although we again limit the following results to those 
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parameters listed in table 1, the qualitative results are consistent for all parameter 
combinations tested (Supplementary Material Appendix 3). 
We may determine the effects of herbivores on plant diversity in response to a 
competition-defense trade-off at different values of R2 by drawing a plane in figure 4A 
parallel to the β1,2-a2 plane (fig. 5).  Changing R2 has no effect on plant diversity when 
herbivores are absent as the growth rate parameters do not affect these equilibria under 
conditions of stable coexistence.  However, when herbivores are present, increasing the 
growth rate for one plant species decreases the abundance of the other species through 
apparent competition (Holt 1977).   
For any positive value of R2, herbivores may increase plant diversity provided that 
the positive effect of competitive release (as described above) exceeds the negative effect 
of apparent competition on plant diversity.  At greater values of R2, herbivores may 
increase diversity for more β1,2-a2 combinations, though these combinations shift towards 
greater values of a2 to compensate for apparent competition, eventually shifting to values 
occurring beyond the bounds of the plots in figure 5.  As a result of this shift, herbivores 
may not always increase diversity in all four corners of the graphs in figure 5, depending 
on the relative values of R2 and R1; however, there always remain points at which 
herbivores may increase diversity regardless of a competition-defense trade-off. 
Irrespective of a competition-defense trade-off, herbivores can increase diversity 
by reducing the mass of both plant species and easing the effects of competition as 
described for other trade-off scenarios.  Analogous results may be found as competitive 
ability and defense trade off at different asymmetries in carrying capacity (see 
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Supplementary Material Appendix 5).  Therefore, a trade-off between competition and 
plant defense is not strictly necessary for herbivores to increase plant diversity. 
Comparison to Plants with Logistic Growth 
We assumed that stored energy (e.g., from roots or a seedbank) was sufficient to 
allow a plant population with little aboveground biomass (Ni ≈ 0) to grow at a rate Ri as 
described in the methods.  This stands in contrast to populations with logistic growth 
where aboveground biomass recovers from Ni ≈ 0 at a rate of ri Ni.  A cursory exploration 
of an analogous model with logistic plant growth in place of the regrowth model (see 
Appendix 6) showed markedly different behavior.  Indeed, with logistic plant growth, 
herbivores cannot increase plant community evenness without some sort of defensive 
trade-off. 
Despite the behavior of the logistic-growth model in relation to defensive trade-
offs, Owen-Smith (2008) and others have argued that a growth rate of ri Ni is 
unrealistically slow when Ni is small.  Given this limitation, we suggest that the regrowth 
model is more accurate for the system and timeframe we considered in this study.  
However, the regrowth model does not apply to every system, and over longer timescales 
both models may be inadequate, requiring a more complex model in which stored energy 
is directly modeled.  Future research that explores the intermediate ground between 
logistic growth and plant regrowth would be informative.  Meanwhile, our analysis 
allows us to propose rapid plant regrowth as a viable hypothesis to explain the 
maintenance of diversity in systems where plants appear to lack defensive trade-offs 
(e.g., Howe and Brown 1999, Hillebrand et al. 2007, Viola et al 2010, Ancheta and Heard 
2011). 
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Conclusions 
Plant traits associated with resistance to herbivory are commonly considered to 
trade off with traits associated with growth (Coley et al. 1985, Lind et al. 2013) or 
competition (Chase et al. 2002, Viola et al. 2010).  Such trade-offs are considered as 
prerequisites to diversity such that one species cannot out-perform a coexisting species in 
all aspects (Holt et al. 1994, Chase and Leibold 2003).  Thus, based on previous 
hypotheses, we may expect that a shared herbivore will increase diversity between 
coexisting species only when preferentially consuming faster growing or competitively 
dominant species.  If not, herbivory may cause the less dominant plant species to become 
so rare as to become functionally absent (Wilsey and Potvin 2000, Hulvey and Zavaleta 
2012) or at a high risk of extinction through ecological drift (Pimm et al. 1988, Leach and 
Givnish 1996, Duncan and Young 2000, Fox 2005).  However, our model suggests that 
such trade-offs are not necessary requirements for herbivores to increase diversity.   
Even when one species is superior in terms of competition, growth, and defense, 
generalist consumers can still increase the relative mass of inferior species by limiting the 
mass of the competitively superior species and easing the effects of interspecific 
competition relative to intraspecific competition (i.e., the stabilizing effect of Chesson, 
2000), disproportionately benefitting the rarer inferior species (whose intraspecific 
competition is weak due to its rarity).  Consequently, the results of our simulation may 
potentially extend to systems with more than two plant species as more species would 
strengthen the effects of interspecific competition on each species, amplifying the effects 
of herbivores as they limit these negative interactions (e.g., McPeek 2014).  By so 
increasing the relative abundance of seemingly inferior species, consumers increase 
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diversity over short (e.g., within growing seasons) and, potentially, longer timeframes by 
reducing the likelihood that otherwise rare species are lost.   
While we assumed a type II functional response for the herbivore, with b > 0 as is 
commonly observed for mammalian herbivores (Golley 1960, Lundberg 1988, Turchin 
and Batzli 2001, Zynel and Wunder 2002), a type I functional response may be produced 
when b = 0 (Holling 1959, 1961) and does not affect our conclusions (Supplementary 
Material Appendix 3).  The more complex type III functional response may be simulated 
by limiting herbivore access to a portion of the plant biomass (Noy-Meir 1975, 1978, 
Owen-Smith 2008), preventing herbivores from completely excluding either or both plant 
species.  As differences in functional response curves in nature may be subtle (Holling 
1959), distinctions between functional responses may be relatively unimportant to the 
qualitative outcomes of the model; however, it remains to be seen how these factors will 
actually affect model outcomes by future research.   
In summary, our model shows that herbivores can increase plant diversity while 
preferentially consuming “maladapted” species in the absence of a trade-off.  These 
positive effects occur so long as consumption moderates the negative effects of 
competition.  While these results help address questions regarding the contribution of 
seemingly maladapted species to community diversity (e.g., Viola et al. 2010, Lind et al. 
2013), long-term models and empirical studies will be necessary to determine the 
importance of herbivory in regulating stable coexistence. 
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Table 
Table 1—Parameter estimates; for a detailed list of sources and supporting values see Supplementary Material Appendix 2 
Model 
parameter Description Units 
Estimate 
(min-max)a Est. units 
Model value 
usedb 
N1 Plant species 1 (Amorpha) mass Plant mass 294000-441000 g/ha — 
N2 Plant species 2 (Dalea) mass Plant mass 229-582 g/ha — 
H Herbivore mass Herbivore mass 72-6200 g/ha — 
R1 Intrinsic growth rate of species 1 N1 mass/time 3270-60100 g/ha/day 4000 
R2 Intrinsic growth rate of species 2 N2 mass/time 3270-60100 g/ha/day 4000 
k1 Species 1 carrying capacity N1 mass 172000-288000 g/ha 6000 
k2 Species 2 carrying capacity N2 mass 1960-14100 g/ha 6000 
β1,2 Per unit mass effect of species 2 on species 1 
relative to the effect of species 1 on itself 
N2 mass/N1 mass 1.70c g/g 0.56 
β2,1 Per unit mass effect of species 1 on species 2 
relative to the effect of species 2 on itself 
N1 mass/N2 mass 0.56c g/g 0.56 
a1 Per unit mass herbivore attack rate on species 1 1/(H mass * time) 0.033 1/g/day 0.033 
a2 Per unit mass herbivore attack rate on species 2 1/(H mass * time) 0.033 1/g/day 0.033 
b Herbivore handling time (H mass)(time)/ (N mass) 1.16 g*days/g 1.16 
m Per unit mass herbivore mass rate of loss from 
mortality and respiration 
H mass/ (H mass)(time) 0.54 g/g/day 0.54 
c Herbivore conversion efficiency (H mass)/(N mass) 0.70-0.78 g/g 0.70 
aFor values reported in the literature, minimum and maximum estimates are provided when available.  Other values were calculated as a function 
of multiple values and so do not have minimum and maximum estimates. 
bValues were selected so that species 1 and 2 initially have identical values for all parameters before manipulation. 
cCompetition coefficients represent estimates from greenhouse experiments that were limited to belowground competition (Mortensen, unpub. 
data).  As plants also compete for other resources (e.g., light), actual coefficients may vary substantially from these estimates. 
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Figures 
  
Figure 1—Graphical illustration of three species model.  Not all terms appearing in 
the model are shown here for simplicity.  Those terms that are shown match those 
described in the model (table 1). 
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Figure 2—Competitive dynamics for two competing plant species in the presence 
and absence of herbivores.  Equilibria are calculated using values listed in table 1 
except β1,2 = 0.8 and a2 = 0.074 with isoclines for species 1 and 2 are represented by the 
light and dark orange lines, respectively.  The dotted line 1:1 line represents population 
values that maximize diversity, whereas the dashed line represents the actual population 
ratio at equilibrium when herbivores are absent.  The angle between these two lines 
(orange arc) is the negative effect of competition on plant diversity.  The gray line is the 
ZNGI for herbivores with the equilibrium value of both plant species in the presence of 
herbivores marked by the open point.  The solid blue line represents the population ratio 
in the presence of herbivores, with the angle between this and the 1:1 line (double blue 
arcs) representing the joint, negative effects of herbivores and competition on plant 
diversity.  In this case, the net, negative effect of herbivores and competition on diversity 
is equal to that of competition by itself such that herbivores do not affect plant diversity.  
The inset at the lower-left corner is scaled up to aid viewing.  
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Figure 3—Direct and indirect effects of herbivore mass (H) on plant mass (N1 and 
N2) and diversity.  Parameters match those given in table 1 except as stated in panel b.  
The herbivore is introduced at the vertical line.  (A) The herbivore reduces the abundance 
of both species but does not affect plant diversity when species are identical. (B) 
However, if species differ in growth rate (Ri), then herbivores have a more negative effect 
on the slower growing species through apparent competition.  Note that mass is plotted 
on a log scale and that scales differ for mass and diversity.  Diversity is plotted as the 
inverse natural log of Shannon’s diversity.  
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Figure 4—Growth rate-defense trade-off effects on species diversity.  Except when 
specifically stated, all parameters are equal between the two plant species as listed in 
Table 1.  (A) Values of β1,2 in relation to the growth rate for and attack rate on species 2 
that maintain the same N1:N2 in the presence and absence of herbivores are shown in blue 
while those that result in the inverse ratio, N2:N1, are shown in red.  The effects of 
herbivores on plant diversity, represented as the difference in species diversity (eSh) in the 
presence and absence of herbivores, are shown when (B) β1,2 = 0, (C) β1,2 = 0.25, (D) β1,2 
= β2,1 = 0.54 as in table 1, (E) β1,2 = 0.75, and (F) β1,2 = 1.   The boundaries where 
herbivores have no effect on diversity are represented by dashed lines.  (G) Parameters 
for species 1 are represented by horizontal and vertical lines, dividing B-F into four 
portions with and without trade-offs as described in the text.  The a2 axis is reversed to 
aid viewing such that plant defense increases from left to right.   
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Figure 5—Competition-defense trade-off effects on species diversity at different 
growth rates for species 2 (R2).  The effects of herbivores on plant diversity, represented 
as the difference in species diversity (eSh) in the presence and absence of herbivores, are 
shown when (A) R2 = 100, (B) R2 = 2000, (C) R1 = R2 = 4000 as in table 1, (D) R2 = 
6000, (E) R2 = 8000, and (F) R2 = 20000.  The axis for a2 is reversed with values 
increasing from right to left to aid viewing.  Changes in plant diversity are shown using 
the same scale as in figure 4.  Except when specifically stated, all parameters are equal 
between the two plant species as listed in Table 1.    
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Appendix 1: Solving for Equilibria 
The zero net growth isocline (ZNGI) for the herbivore can be solved from the 
initial herbivore equation (eq. 6):  
𝑁2
∗ = 𝐴𝑁1
∗ − 𝐷 
where 
𝐷 =
𝑚
𝑎2(𝑚𝑏 − 𝑐)
 
𝐴 = −
𝑎1
𝑎2
 
While the ZNGI equation is attractive, the remaining equilibria are far less so.  In terms 
of N1, the equilibrium for the herbivore population is:  
𝐻∗ =
𝑅1 (1 −
𝑁1
∗ + (𝐴𝑁1
∗ − 𝐷)𝛽1,2
𝑘1
) (1 + 𝑏(𝑁1
∗𝑎1 + (𝐴𝑁1
∗ − 𝐷)𝑎2))
𝑁1
∗𝑎1
 
Derivations of this and other equilibria are available below.  The equilibrium for the 
remaining plant population (N1) explodes into:  
𝑁1
∗ =
(
 
 
(−2𝐴𝐷𝛽2,1 − 𝐴𝑘1𝑃 − 𝐴𝑘1 − 𝐷𝐺 − 𝐷) −
√
𝐴2𝑘1
2𝑃2 + 2𝐴2𝑘1
2𝑃 + 𝐴2𝑘1
2 + 4𝐴2𝐷𝑘1𝑃𝛽1,2 + 2𝐴𝐷𝐺𝑘1𝑃 +
2𝐴𝐷𝑘1𝑃 − 2𝐴𝐷𝑘1 + 𝐷2𝐺2 + 2𝐷2𝐺 + 𝐷2 −
2𝐴𝐷𝐺𝑘1 − 4𝐷𝐺𝑘1𝛽1,2 − 4𝐷2𝐺𝛽1,2𝛽2,1 )
 
 
(2(−𝐴2𝛽2,1 − 𝐴 − 𝐴𝐺 − 𝐺𝛽2,1))
 
where 
𝑃 =
𝑅2
𝑅1
, 
𝐺 =
𝐴𝑃𝑘1
𝑘2
. 
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[A4] 
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Derivation 1: N2* 
𝑑𝐻∗
𝑑𝑡
= 0 =
𝑐𝐻(𝑁1𝑎1 + 𝑁2𝑎2)
1 + 𝑏(𝑁1𝑎1 + 𝑁2𝑎2)
− 𝑚𝐻 
𝑚𝐻 =
𝑐𝐻(𝑁1𝑎1 + 𝑁2𝑎2)
1 + 𝑏(𝑁1𝑎1 + 𝑁2𝑎2)
 
𝑚 =
𝑐(𝑁1𝑎1 + 𝑁2𝑎2)
1 + 𝑏(𝑁1𝑎1 + 𝑁2𝑎2)
 
𝑚(1 + 𝑏(𝑁1𝑎1 + 𝑁2𝑎2)) = 𝑐(𝑁1𝑎1 + 𝑁2𝑎2) 
𝑚 +𝑚𝑏(𝑁1𝑎1 + 𝑁2𝑎2) = 𝑐(𝑁1𝑎1 + 𝑁2𝑎2) 
𝑚 +𝑚𝑏𝑁1𝑎1 +𝑚𝑏𝑁2𝑎2 = 𝑐𝑁1𝑎1 + 𝑐𝑁2𝑎2 
𝑚𝑏𝑁2𝑎2 − 𝑐𝑁2𝑎2 = 𝑐𝑁1𝑎1 −𝑚 −𝑚𝑏𝑁1𝑎1 
𝑁2(𝑚𝑏𝑎2 − 𝑐𝑎2) = 𝑐𝑁1𝑎1 −𝑚 −𝑚𝑏𝑁1𝑎1 
𝑁2 =
𝑐𝑁1𝑎1 −𝑚 −𝑚𝑏𝑁1𝑎1
(𝑚𝑏𝑎2 − 𝑐𝑎2)
 
𝑁2 =
𝑐𝑁1𝑎1 −𝑚 −𝑚𝑏𝑁1𝑎1
𝑎2(𝑚𝑏 − 𝑐)
 
𝑁2 =
𝑐𝑁1𝑎1 −𝑚𝑏𝑁1𝑎1
𝑎2(𝑚𝑏 − 𝑐)
−
𝑚
𝑎2(𝑚𝑏 − 𝑐)
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𝑁2 =
−𝑁1𝑎1(𝑚𝑏 − 𝑐)
𝑎2(𝑚𝑏 − 𝑐)
−
𝑚
𝑎2(𝑚𝑏 − 𝑐)
 
𝑁2
∗ = −
𝑎1
𝑎2
𝑁1 −
𝑚
𝑎2(𝑚𝑏 − 𝑐)
 
Parameterize 
𝐷 =
𝑚
𝑎2(𝑚𝑏 − 𝑐)
 
𝐴 = −
𝑎1
𝑎2
 
𝑁2
∗ = 𝐴𝑁1 − 𝐷 
Derivation 2: H* 
𝑑𝑁1
∗
𝑑𝑡
= 0 = 𝑅1 (1 −
𝑁1 + 𝑁2𝛽1,2
𝑘1
) − (
𝑁1𝐻𝑎1
1 + 𝑏(𝑁1𝑎1 + 𝑁2𝑎2)
) 
(
𝑁1𝐻𝑎1
1 + 𝑏(𝑁1𝑎1 + 𝑁2𝑎2)
) = 𝑅1 (1 −
𝑁1 + 𝑁2𝛽1,2
𝑘1
) 
𝐻∗ = 𝑅1 (1 −
𝑁1 + 𝑁2𝛽1,2
𝑘1
)(
1 + 𝑏(𝑁1𝑎1 +𝑁2𝑎2)
𝑁1𝑎1
) 
𝐻∗ =
𝑅1 (1 −
𝑁1 + 𝑁2𝛽1,2
𝑘1
) (1 + 𝑏(𝑁1𝑎1 +𝑁2𝑎2))
𝑁1𝑎1
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Substitute equilibrial value for N2 in terms of N1 
𝐻∗ =
𝑅1(1 −
𝑁1 + (−
𝑎1
𝑎2
𝑁1 −
𝑚
𝑎2(𝑚𝑏 − 𝑒)
)𝛽1,2
𝑘1
)(1 + 𝑏 (𝑁1𝑎1 + (−
𝑎1
𝑎2
𝑁1 −
𝑚
𝑎2(𝑚𝑏 − 𝑒)
) 𝑎2))
𝑁1𝑎1
 
Substitute in composite parameters A and D 
𝐻∗ =
𝑅1 (1 −
𝑁1
∗ + (𝐴𝑁1
∗ − 𝐷)𝛽1,2
𝑘1
) (1 + 𝑏(𝑁1
∗𝑎1 + (𝐴𝑁1
∗ − 𝐷)𝑎2))
𝑁1
∗𝑎1
 
Derivation 3: N1* 
0 =
𝑑𝑁2
∗
𝑑𝑡
= 𝑅2 (1 −
𝑁2 + 𝑁1𝛽1,2
𝑘2
) − (
𝑁2𝐻𝑎2
1 + 𝑏(𝑁1𝑎1 + 𝑁2𝑎2)
) 
Substitute equilibrial values for N2 and H in terms of N1 
0 =
𝑑𝑁2
𝑑𝑡
= 𝑅2 (1 −
(𝐴𝑁1 − 𝐷) + 𝑁1𝛽2,1
𝑘2
) −
(
 
 
 
 
 (𝐴𝑁1 − 𝐷)(
𝑅1 (1 −
𝑁1 + (𝐴𝑁1 − 𝐷)𝛽1,2
𝑘1
) (1 + 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2))
𝑁1𝑎1
)𝑎2
1 + 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2)
)
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Rearrange 
𝑅2 (1 −
(𝐴𝑁1 − 𝐷) + 𝑁1𝛽2,1
𝑘2
)
= 𝑎2(𝐴𝑁1 − 𝐷)𝑅1 (1 −
𝑁1 + (𝐴𝑁1 − 𝐷)𝛽1,2
𝑘1
) (1
+ 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2)) (
1
𝑁1𝑎1
) (
1
1 + 𝑏(𝑁1𝑎1 + (𝐴𝑁1 −𝐷)𝑎2)
) 
More rearranging 
𝑅2 (1 −
(𝐴𝑁1 − 𝐷) + 𝑁1𝛽2,1
𝑘2
)
= 𝑎2 (
1
𝑁1𝑎1
)𝑅1(𝐴𝑁1 − 𝐷)(1 −
𝑁1 + (𝐴𝑁1 − 𝐷)𝛽1,2
𝑘1
) (1
+ 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2)) (
1
1 + 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2)
) 
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More rearranging 
𝑅2 (1 −
(𝐴𝑁1 − 𝐷) + 𝑁1𝛽2,1
𝑘2
)
= 𝑎2
1
𝑎1
1
𝑁1
𝑅1(𝐴𝑁1 − 𝐷) (1 −
𝑁1 + (𝐴𝑁1 − 𝐷)𝛽1,2
𝑘1
) (1 + 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2)) (
1
1 + 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2)
) 
Substitute 
𝑎2
1
𝑎1
=
𝑎2
𝑎1
= −
1
𝐴
 
𝑅2 (1 −
(𝐴𝑁1 − 𝐷) + 𝑁1𝛽2,1
𝑘2
)
= −
1
𝐴𝑁1
𝑅1(𝐴𝑁1 − 𝐷)(1 −
𝑁1 + (𝐴𝑁1 − 𝐷)𝛽1,2
𝑘1
) (1 + 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2)) (
1
1 + 𝑏(𝑁1𝑎1 + (𝐴𝑁1 − 𝐷)𝑎2)
) 
Cancel 
𝑅2 (1 −
(𝐴𝑁1 − 𝐷) + 𝑁1𝛽2,1
𝑘2
) = −
1
𝐴𝑁1
𝑅1(𝐴𝑁1 − 𝐷)(1 −
𝑁1 + (𝐴𝑁1 − 𝐷)𝛽1,2
𝑘1
) 
Rearrange growth terms 
𝑅2 (
𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1
𝑘2
) = −
1
𝐴𝑁1
𝑅1(𝐴𝑁1 − 𝐷)(
𝑘1 − 𝑁1 − (𝐴𝑁1 − 𝐷)𝛽1,2
𝑘1
) 
  
1
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Rearrange 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) = −
1
𝐴𝑁1
(𝐴𝑁1 − 𝐷)(𝑘1 − 𝑁1 − (𝐴𝑁1 − 𝐷)𝛽1,2) 
Start multiplying out the right side 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) = (
𝐷
𝐴𝑁1
− 1) (𝑘1 − 𝑁1 − (𝐴𝑁1 − 𝐷)𝛽1,2) 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) =
𝐷
𝐴𝑁1
(𝑘1 − 𝑁1 − (𝐴𝑁1 −𝐷)𝛽1,2) − (𝑘1 − 𝑁1 − (𝐴𝑁1 − 𝐷)𝛽1,2) 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) = (
𝐷𝑘1
𝐴𝑁1
−
𝐷
𝐴
−
𝐷
𝐴𝑁1
(𝐴𝑁1 − 𝐷)𝛽1,2) − (𝑘1 − 𝑁1 − (𝐴𝑁1 −𝐷)𝛽1,2) 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) =
𝐷𝑘1
𝐴𝑁1
−
𝐷
𝐴
− 𝐷𝛽1,2 +
𝐷2𝛽1,2
𝐴𝑁1
− (𝑘1 − 𝑁1 − (𝐴𝑁1 − 𝐷)𝛽1,2) 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) =
𝐷𝑘1
𝐴𝑁1
−
𝐷
𝐴
− 𝐷𝛽1,2 +
𝐷2𝛽1,2
𝐴𝑁1
− 𝑘1 +𝑁1 + 𝐴𝑁1𝛽1,2 − 𝐷𝛽1,2 
Rearrange 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) =
𝐷𝑘1 + 𝐷
2𝛽1,2
𝐴𝑁1
−
𝐷
𝐴
− 𝑘1 + 𝑁1 + 𝐴𝑁1𝛽1,2 − 2𝐷𝛽1,2 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) =
𝐷𝑘1 + 𝐷
2𝛽1,2
𝐴𝑁1
+ 𝑁1 + 𝐴𝑁1𝛽1,2 − 2𝐷𝛽1,2 −
𝐷
𝐴
− 𝑘1 
  
1
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Isolate term with N1 in denominator 
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) − 𝑁1 − 𝐴𝑁1𝛽1,2 + 2𝐷𝛽1,2 +
𝐷
𝐴
+ 𝑘1 =
𝐷𝑘1 + 𝐷
2𝛽1,2
𝐴𝑁1
 
Multiply both sides by AN1 
𝐴𝑁1 (
𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 −𝐷) − 𝑁1𝛽2,1) − 𝑁1 − 𝐴𝑁1𝛽1,2 + 2𝐷𝛽1,2 +
𝐷
𝐴
+ 𝑘1) = 𝐷𝑘1 + 𝐷
2𝛽1,2 
𝐴𝑁1𝑅2𝑘1
𝑅1𝑘2
(𝑘2 − (𝐴𝑁1 − 𝐷) − 𝑁1𝛽2,1) − 𝐴𝑁1
2 − (𝐴𝑁1)
2𝛽1,2 + 2𝐴𝑁1𝐷𝛽1,2 +
𝐴𝑁1𝐷
𝐴
+ 𝐴𝑁1𝑘1 = 𝐷𝑘1 + 𝐷
2𝛽1,2 
𝐴𝑁1𝑅2𝑘1
𝑅1
−
𝐴𝑁1𝑅2𝑘1
𝑅1𝑘2
(𝐴𝑁1 − 𝐷) −
𝐴𝑁1
2𝑅2𝑘1𝛽2,1
𝑅1𝑘2
− 𝐴𝑁1
2 − (𝐴𝑁1)
2𝛽1,2 + 2𝐴𝑁1𝐷𝛽1,2 +
𝐴𝑁1𝐷
𝐴
+ 𝐴𝑁1𝑘1 = 𝐷𝑘1 + 𝐷
2𝛽1,2 
𝐴𝑁1𝑅2𝑘1
𝑅1
−
(𝐴𝑁1)
2𝑅2𝑘1
𝑅1𝑘2
+
𝐴𝑁1𝑅2𝑘1𝐷
𝑅1𝑘2
−
𝐴𝑁1
2𝑅2𝑘1𝛽2,1
𝑅1𝑘2
− 𝐴𝑁1
2 − (𝐴𝑁1)
2𝛽1,2 + 2𝐴𝑁1𝐷𝛽1,2 +
𝐴𝑁1𝐷
𝐴
+ 𝐴𝑁1𝑘1 = 𝐷𝑘1 + 𝐷
2𝛽1,2 
Rearrange 
−
(𝐴𝑁1)
2𝑅2𝑘1
𝑅1𝑘2
−
𝐴𝑁1
2𝑅2𝑘1𝛽2,1
𝑅1𝑘2
− 𝐴𝑁1
2 − (𝐴𝑁1)
2𝛽1,2 +
𝐴𝑁1𝑅2𝑘1
𝑅1
+
𝐴𝑁1𝑅2𝑘1𝐷
𝑅1𝑘2
+ 2𝐴𝑁1𝐷𝛽1,2 +
𝐴𝑁1𝐷
𝐴
+ 𝐴𝑁1𝑘1 = 𝐷𝑘1 + 𝐷
2𝛽1,2 
(−
𝐴2𝑅2𝑘1
𝑅1𝑘2
−
𝐴𝑅2𝑘1𝛽2,1
𝑅1𝑘2
− 𝐴 − 𝐴2𝛽1,2)𝑁1
2 + (
𝐴𝑅2𝑘1
𝑅1
+
𝐴𝑅2𝑘1𝐷
𝑅1𝑘2
+ 2𝐴𝐷𝛽1,2 +
𝐴𝐷
𝐴
+ 𝐴𝑘1)𝑁1 = 𝐷𝑘1 + 𝐷
2𝛽1,2 
  
1
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(−
𝐴2𝑅2𝑘1
𝑅1𝑘2
−
𝐴𝑅2𝑘1𝛽2,1
𝑅1𝑘2
− 𝐴 − 𝐴2𝛽1,2)𝑁1
2 + (
𝐴𝑅2𝑘1
𝑅1
+
𝐴𝑅2𝑘1𝐷
𝑅1𝑘2
+ 2𝐴𝐷𝛽1,2 +
𝐴𝐷
𝐴
+ 𝐴𝑘1)𝑁1 − (𝐷𝑘1 + 𝐷
2𝛽1,2) = 0 
(−
𝐴2𝑅2𝑘1
𝑅1𝑘2
− 𝐴2𝛽1,2 −
𝐴𝑅2𝑘1𝛽2,1
𝑅1𝑘2
− 𝐴)𝑁1
2 + (
𝐴𝑅2𝑘1
𝑅1
+
𝐴𝑅2𝑘1𝐷
𝑅1𝑘2
+ 2𝐴𝐷𝛽1,2 + 𝐷 + 𝐴𝑘1)𝑁1 − (𝐷𝑘1 + 𝐷
2𝛽1,2) = 0 
Substitute in composite parameters 
𝑃 =
𝑅2
𝑅1
 
(−
𝐴2𝑃𝑘1
𝑘2
− 𝐴2𝛽1,2 −
𝐴𝑃𝑘1𝛽2,1
𝑘2
− 𝐴)𝑁1
2 + (𝐴𝑃𝑘1 +
𝐴𝑃𝑘1𝐷
𝑘2
+ 2𝐴𝐷𝛽1,2 + 𝐷 + 𝐴𝑘1)𝑁1 − (𝐷𝑘1 + 𝐷
2𝛽1,2) = 0 
𝐺 =
𝐴𝑃𝑘1
𝑘2
 
(−𝐺𝐴 − 𝐴2𝛽1,2 − 𝐺𝛽2,1 − 𝐴)𝑁1
2 + (𝐴𝑃𝑘1 + 𝐺𝐷 + 2𝐴𝐷𝛽1,2 + 𝐷 + 𝐴𝑘1)𝑁1 − (𝐷𝑘1 + 𝐷
2𝛽1,2) = 0 
Rearrange 
(−𝐴2𝛽1,2 − 𝐴 − 𝐺𝐴 − 𝐺𝛽2,1)𝑁1
2 + (𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷)𝑁1 − (𝐷𝑘1 + 𝐷
2𝛽1,2) = 0 
Quadratic formula 
𝑁1
∗ =
−𝑦 ± √𝑦2 − 4𝑥𝑧
2𝑥
 
𝑥 = −𝐴2𝛽1,2 − 𝐴 − 𝐺𝐴 − 𝐺𝛽2,1 
  
1
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𝑦 = 𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷 
𝑧 = −𝐷𝑘1 − 𝐷
2𝛽1,2 
𝑁1
∗ =
−(𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷) ±
√(𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷)
2
− 4(−𝐴2𝛽1,2 − 𝐴 − 𝐶𝐴 − 𝐶𝛽2,1)(−𝐷𝑘1 − 𝐷2𝛽1,2)
(2(−𝐴2𝛽1,2 − 𝐴 − 𝐺𝐴 − 𝐺𝛽2,1))
 
Expand 
𝑁1
∗ =
−𝐴𝑃𝑘1 − 2𝐴𝐷𝛽1,2 − 𝐴𝑘1 − 𝐺𝐷 − 𝐷 ±√
(𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷)
2
+
(
−4𝐴2𝛽1,2𝐷𝑘1 − 4𝐴𝐷𝑘1 − 4𝐺𝐴𝐷𝑘1 − 4𝐺𝛽2,1𝐷𝑘1 −
4𝐴2𝛽1,2𝐷2𝛽1,2 − 4𝐴𝐷2𝛽1,2 − 4𝐺𝐴𝐷2𝛽1,2 − 4𝐺𝛽1,2𝐷2𝛽1,2
)
(2(−𝐴2𝛽1,2 − 𝐴 − 𝐺𝐴 − 𝐺𝛽2,1))
 
Expand y2 term 
𝑦2 = (𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷)
2
= 𝐴𝑃𝑘1(𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷) + 2𝐴𝐷𝛽1,2(𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷)
+ 𝐴𝑘1(𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷) + 𝐺𝐷(𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷)
+ 𝐷(𝐴𝑃𝑘1 + 2𝐴𝐷𝛽1,2 + 𝐴𝑘1 + 𝐺𝐷 + 𝐷) 
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𝑦2 = (𝐴2𝑃2𝑘1
2 + 2𝐴2𝐷𝛽1,2𝑃𝑘1 + 𝐴
2𝑃𝑘1
2 + 𝐴𝑃𝑘1𝐺𝐷 + 𝐴𝑃𝑘1𝐷)
+ (+2𝐴2𝐷𝛽1,2𝑃𝑘1 + 4𝐴
2𝐷2𝛽1,2
2 + 2𝐴2𝐷𝛽1,2𝑘1 + 2𝐴𝐷
2𝛽1,2𝐺 + 2𝐴𝐷
2𝛽1,2)
+ (𝐴2𝑃𝑘1
2 + 2𝐴2𝑘1𝐷𝛽1,2 + 𝐴
2𝑘1
2 + 𝐴𝑘1𝐺𝐷 + 𝐴𝑘1𝐷) + (𝐺𝐷𝐴𝑃𝑘1 + 𝐺𝐷2𝐴𝐷𝛽1,2 + 𝐺𝐷𝐴𝑘1 + 𝐺
2𝐷2 + 𝐺𝐷2)
+ (𝐷𝐴𝑃𝑘1 + 2𝐴𝐷
2𝛽1,2 + 𝐷𝐴𝑘1 + 𝐺𝐷
2 + 𝐷2) 
𝑦2 = 𝐴2𝑃2𝑘1
2 + 2𝐴2𝑃𝑘1
2 + 𝐴2𝑘1
2 + 4𝐴2𝐷2𝛽1,2
2 + 4𝐴2𝐷𝛽1,2𝑃𝑘1 + 4𝐴
2𝐷𝛽1,2𝑘1 + 4𝐴𝐷
2𝛽1,2𝐺 + 4𝐴𝐷
2𝛽1,2 + 2𝐴𝑃𝑘1𝐺𝐷
+ 2𝐴𝑃𝑘1𝐷 + 2𝐴𝑘1𝐺𝐷 + 2𝐴𝑘1𝐷 + 𝐺
2𝐷2 + 2𝐺𝐷2 + 𝐷2 
Combine everything under the radical (y2 – 4xz) 
𝑦2 − 4𝑥𝑧 = (
𝐴2𝑃2𝑘1
2 + 2𝐴2𝑃𝑘1
2 + 𝐴2𝑘1
2 + 4𝐴2𝐷2𝛽1,2
2 + 4𝐴2𝐷𝛽1,2𝑃𝑘1 + 4𝐴
2𝐷𝛽1,2𝑘1 + 4𝐴𝐷
2𝛽1,2𝐺 + 4𝐴𝐷
2𝛽1,2 + 2𝐴𝑃𝑘1𝐺𝐷
+2𝐴𝑃𝑘1𝐷 + 2𝐴𝑘1𝐺𝐷 + +2𝐴𝑘1𝐷 + 𝐺
2𝐷2 + 2𝐺𝐷2 + 𝐷2 − 4𝐴2𝛽1,2𝐷𝑘1 − 4𝐴𝐷𝑘1 − 4𝐺𝐴𝐷𝑘1 − 4𝐺𝛽2,1𝐷𝑘1
−4𝐴2𝛽1,2𝐷
2𝛽1,2 − 4𝐴𝐷
2𝛽1,2 − 4𝐺𝐴𝐷
2𝛽1,2 − 4𝐺𝛽2,1𝐷
2𝛽1,2
) 
𝑦2 − 4𝑥𝑧 = 𝐴2𝑃2𝑘1
2 + 2𝐴2𝑃𝑘1
2 + 𝐴2𝑘1
2 + 4𝐴2𝐷𝛽1,2𝑃𝑘1 + 0𝐴
2𝐷𝛽1,2𝑘1 + 2𝐴𝑃𝑘1𝐺𝐷 + 2𝐴𝑃𝑘1𝐷 − 2𝐴𝑘1𝐷 + 𝐺
2𝐷2 + 2𝐺𝐷2 +𝐷2
− 2𝐺𝐴𝐷𝑘1 − 4𝐺𝛽2,1𝐷𝑘1 − 4𝐺𝛽2,1𝐷
2𝛽1,2 
Combine quadratic terms back into equation 
𝑁1
∗ =
(
(−𝐴𝑃𝑘1 − 2𝐴𝐷𝛽1,2 − 𝐴𝑘1 − 𝐺𝐷 − 𝐷) −
√𝐴2𝑃2𝑘1
2 + 2𝐴2𝑃𝑘1
2 + 𝐴2𝑘1
2 + 4𝐴2𝐷𝛽
1,2
𝑃𝑘1 + 2𝐴𝑃𝑘1𝐺𝐷 + 2𝐴𝑃𝑘1𝐷 − 2𝐴𝑘1𝐷 + 𝐺2𝐷2 + 2𝐺𝐷2 +𝐷2 − 2𝐺𝐴𝐷𝑘1 − 4𝐺𝛽2,1𝐷𝑘1 − 4𝐺𝛽1,2𝐷
2𝛽
1,2
)
(2 (−𝐴2𝛽
1,2
− 𝐴 − 𝐺𝐴 − 𝐺𝛽
2,1
))
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Appendix 2: Parameter Estimates (Highlighted) With Supporting Values Listed Beneath 
Model 
param. Description Units 
Est.* 
(min-
max) Est. units Study Location Source 
Model 
value 
used 
N1 Plant 1 (Amorpha) mass Plant mass 
294000-
441000 g/ha       — 
   
25300 stems/ha 
Amorpha densities in the presence of 
cattle grazing 
Tallgrass 
prairie, Kansas 
Hickman and 
Hartnett 
2002 
 
   
11.6-
17.4 g/stem Amorpha min/max mass per stem 
Tallgrass 
prairie, Kansas 
Towne and 
Knapp 1996 
 
N2 Plant 2 (Dalea) mass Plant mass 229-582 g/ha       — 
   
200 stems/ha Dalea densities in presence of voles 
Tallgrass 
prairie, Kansas 
Howe et al 
2002 
 
   
1.14-
2.91 g/stem Dalea min/max mass per stem 
Tallgrass 
prairie, Kansas 
Towne and 
Knapp 1996 
 
H Herbivore mass Herbivore mass 72-6200 g/ha       — 
   
2-172 ind/ha 
Microtus ochrogaster and 
pennsylvanicus densities 
Range-wide, 
North America 
Taitt and 
Krebs 1981 
 
   
35.972 g/ind 
M. ochrogaster and pennsylvanicus 
mean mass 
Tallgrass 
prairie, Iowa Pers. obs. 
 
R1 Growth rate of plant 1 N1 mass/time 
3270-
60100 g/ha/day Tallgrass prairie forb growth rates 
Tallgrass 
prairie, Kansas 
Briggs and 
Knapp 2001 4000 
R2 Growth rate of plant 2 N2 mass/time 
3270-
60100 g/ha/day Tallgrass prairie forb growth rates 
Tallgrass 
prairie, Kansas 
Briggs and 
Knapp 2001 4000 
k1 Plant 1 carrying capacity N1 mass 
172000-
288000 g/ha Amorpha biomass in unburned fields 
Tallgrass 
prairie, Kansas 
Towne and 
Knapp 1996 6000 
k2 Plant 2 carrying capacity N2 mass 
1960-
14100 g/ha Dalea biomass in unburned fields 
Tallgrass 
prairie, Kansas 
Towne and 
Knapp 1996 6000 
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Appendix 2 table continued 
Model 
param. Description Units 
Est.* 
(min-
max) Est. units Study Location Source 
Model 
value 
used 
β1,2 
Per unit mass effect of 
plant 2 on plant 1 
relative to the effect of 
plant 1 on itself N2 mass/N1 mass 1.7 g/g 
Dalea competition coefficient on 
Amorpha (1.39, 2.19; upper and lower 
95% confidence intervals) Greenhouse Pers. obs. 0.56 
β2,1 
Per unit mass effect of 
plant 1 on plant 2 
relative to the effect of 
plant 2 on itself N1 mass/N2 mass 0.56 g/g 
Amorpha competition coefficient on 
Dalea (0.42, 0.69; upper and lower 95% 
confidence intervals) Greenhouse Pers. obs. 0.56 
a1 
Per unit mass herbivore 
attack rate on plant 1 
1/(H mass * 
time) 0.033 1/g/day       0.033 
   
0.05 1/ind/hour 
Bank vole (Clethrionomys glareolus) 
attack rates on willow shoots 
Controlled 
environment 
Lundberg 
1988 
 
   
35.972 g/ind M. ochrogaster and pennsylvanicus 
Tallgrass 
prairie, Iowa Pers. obs. 
 
a2 
Per unit mass herbivore 
attack rate on plant 2 
1/(H mass * 
time) 0.033 1/g/day 
Bank vole (Clethrionomys glareolus) 
attack rates on willow shoots     0.033 
   
0.05 1/ind/hour 
Bank vole (Clethrionomys glareolus) 
attack rates on willow shoots 
Controlled 
environment 
Lundberg 
1988 
 
   
35.972 g/ind 
M. ochrogaster and pennsylvanicus 
mean mass 
Tallgrass 
prairie, Iowa Pers. obs. 
 
b Herbivore handling time 
(H mass)(time)/ 
(N mass) 1.16 g*days/g M. pennsylvanicus digestion rates 
Old field, 
Michigan Golley 1960 1.16 
m 
Per unit mass herbivore 
mass rate of loss from 
mortality and respiration 
H mass/ 
(H mass)(time) 0.54 g/g/day       0.54 
   
0.518 g/g/day 
M. pennsylvanicus daily mass loss from 
respiration 
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Appendix 2 table continued 
Model 
param. Description Units 
Est.* 
(min-
max) Est. units Study Location Source 
Model 
value 
used 
   
90.31 kJ/day/g M. pennsylvanicus respiration rate 
Old field 
enclosures, 
Québec 
Berteaux et 
al. 1996 
reported in 
Speakman 
1999 
 
   
35.972 g/ind 
M. ochrogaster and pennsylvanicus 
mean mass 
Tallgrass 
prairie, Iowa Pers. obs. 
 
   
5.22 kJ/g M. pennsylvanicus live energy content 
Ellis County, 
Kansas 
Fleharty et al. 
1973 
 
   
0.023 g/g/day 
M. pennsylvanicus daily loss from 
mortality 
Ellis County, 
Kansas 
Fleharty et al. 
1973 
 
   
0.12 kJ/g/day 
M. pennsylvanicus energy loss from 
mortality 
Old field, 
Michigan Golley 1960 
 
   
5.22 kJ/g M. pennsylvanicus live energy content 
Ellis County, 
Kansas 
Fleharty et al. 
1973 
 
c 
Herbivore conversion 
efficiency 
(H mass)/(P 
mass) 
0.70-
0.78 g/g       0.7 
   
0.7 kJ/kJ 
M. pennsylvanicus assimilation efficiency 
((Production+Respiration)/Consumption) 
Old field, 
Michigan Golley 1960 
 
   
0.78 kJ/kJ 
M. arvalis assimilation efficiency 
((Production+Respiration)/Consumption) 
Flood-plain 
forest, 
Czechoslovakia Zejda 1985 
 
   
5.22 kJ/g 
Old field, standing green crop energy 
content 
Old field, 
Michigan Golley 1960 
 
      5.22 kJ/g M. pennsylvanicus live energy content 
Ellis County, 
Kansas 
Fleharty et al. 
1973   
*All mass values are calculated as fresh (i.e., wet) mass.  Plant mass was determined by assuming fresh plant material contains 69.4% water based on water content of prairie forbs (pers. obs.). 
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Appendix 3: Parameter Combinations Tested 
*We analyzed the model for each set of parameter combinations listed below at all of the 
same values of R2, a2, and β1,2 presented in the results of the main text.  The qualitative 
results for each set of parameters was consistent with those presented in the main text. 
Table S1—Parameter combinations tested. 
k2 e b m 
5000 0.65 1.16 0.54 
5000 0.7 1.1 0.54 
5000 0.7 1.16 0.5 
5000 0.7 1.16 0.54 
5000 0.7 1.16 0.56 
5000 0.7 1.2 0.4 
5000 0.7 1.3 0.5 
5000 0.8 1.16 0.54 
5000 0.8 1.3 0.5 
6000 0.65 1.16 0.54 
6000 1.7 0 0.54 
6000 0.7 1.1 0.54 
6000 0.7 1.16 0.5 
6000 0.7 1.16 0.54 
6000 0.7 1.16 0.56 
6000 0.7 1.2 0.4 
6000 0.7 1.3 0.5 
6000 0.8 1.16 0.54 
6000 0.8 1.3 0.5 
7000 0.65 1.16 0.54 
7000 0.7 1.1 0.54 
7000 0.7 1.16 0.5 
7000 0.7 1.16 0.54 
7000 0.7 1.2 0.4 
7000 0.7 1.3 0.5 
7000 0.7 1.16 0.56 
7000 0.8 1.16 0.54 
7000 0.8 1.3 0.5 
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Appendix 4: Description of Intersection in Figure 4A 
The surfaces shown in figure 4A intersect when plant diversity reaches a 
maximum, regardless of whether or not herbivores are present, such that N1:N2 = N2:N1 = 
1:1.  These conditions are met in the current scenario when β1,2 = β2,1, along a line where 
the proportional difference between R2 and R1 is equal to that between a2 and a1, or  
𝑅2
𝑎2
=
𝑅1
𝑎1
 
or 
𝑅2 =
𝑎2𝑅1
𝑎1
 
In other words, the surfaces intersect where both species are competitively equal and 
asymmetries in the attack rate favoring one species are proportional to asymmetries in the 
growth rate favoring the other species.  Such an asymmetry in growth balances the direct 
effects of herbivory through apparent competition. 
  
[A8] 
[A9] 
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Appendix 5: Analogous Effects of Carrying Capacity to Growth Rate in Defensive 
Trade-Offs 
Carrying capacity-defense trade-off 
While differences in carrying capacity (k) are generally associated with 
differences in competition, favoring the species with the greater carrying capacity (Lotka 
1925, Volterra 1926), their effects extend to the productivity, or the growth term in 
equation 5, of a species.  Productivity increases with carrying capacity whenever the 
population biomass of a species is retained at a constant level by the actions of a 
consumer.  Therefore, interspecific trade-offs between carrying capacity and defense may 
be thought of in terms of plant growth or competition trade-offs.  As with the other trade-
offs, we consider the effects of this trade-off independently of changes in other 
parameters, showing that such a trade-off is not necessary for herbivores to increase plant 
diversity. 
Unlike growth rate, a trade-off with carrying capacity allows herbivores to 
increase plant diversity at any level of direct competitive asymmetry (β). To illustrate, 
consider the values of β1,2 at which plant diversity is the same in the presence and 
absence of herbivores for each combination of ki and ai (fig. A1A, see below for a 
description of these surfaces).  The resulting surfaces hold the same qualitative properties 
described for the growth rate-defense trade-off in figure 4A.  Thus, points occurring 
above one surface but below the other with respect to the β1,2 axis represent the only 
conditions in which herbivores do not increase diversity.  At points above or below both 
surfaces, with respect to the β1,2-axis, competitive asymmetries are sufficiently strong that 
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herbivores increase plant diversity by limiting the abundance of either plant species and, 
therefore, competition. 
Assuming differences in β1,2 between species are unrelated to differences in k2 and 
a2, the effect of herbivores on plant diversity may be found by drawing a plane in figure 
A1A parallel to the k2-a2 plane.  The portion of the plane existing above or below both 
surfaces with respect to the β1,2-axis indicates the conditions within which herbivores 
may increase plant diversity.  Increasing β1,2 increases the number of combinations of k2 
and a2 at which herbivores counteract asymmetric competition and increase plant 
diversity (fig. A1B-G).  However, increasing β1,2 also decreases the value of k2 at which 
species 1 is excluded in the absence of herbivores (inequality 3 and equation A10 below).  
As a result, combinations of k2 and a2 at which herbivores increase diversity by 
preventing exclusion shift towards lower values of k2 as we increase β1,2.  With this shift 
also comes a change in how the trade-off between carrying capacity and defense, or a 
lack thereof, affects plant diversity. 
A trade-off between carrying capacity and defense occurs in the upper-left and 
lower-right portions of fig. A1B-G.  When competition is symmetric (i.e., β1,2 = β2,1), 
herbivores may have positive or negative effects on plant diversity regardless of the 
presence or nature of a trade-off between carrying capacity and defense (e.g., fig. A1D).  
However, as competition becomes increasingly asymmetric, the regions in which 
herbivores reduce diversity shift along the k2 axis, altering the proportion of points in 
which herbivores increase diversity within each quadrant.  Consequently, at very low or 
high values of β1,2, herbivores will nearly always increase plant diversity in the absence 
of a trade-off, increasing the relative mass of species 1 or 2, respectively (fig. A1B, F-G).  
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As with the growth rate-defense trade-off, herbivores increase plant diversity 
whenever they counteract the negative effects of competition.  In our simulation, the 
effects of apparent competition on plant diversity are relatively minor as the herbivore 
holds both plant populations well below their carrying capacities (e.g., fig. 2).  As a 
result, both plant species have similar, though unequal, population growth rates 
regardless of their carrying capacities when herbivores are present.  Inequalities remain 
as population growth (dN/dt) remains slightly lower for the species with the lower 
carrying capacity.  Thus, for herbivores to increase diversity as much as possible at any 
given value of k2, they must slightly prefer the faster growing species, or the species with 
the greater carrying capacity as shown by the nearly vertical ridge in figures A1B-G.  
However, the effects of apparent competition on plant diversity are fairly negligible 
compared to the direct effects of competition associated with different carrying 
capacities. 
The strongest effects of replacing one plant species with another possessing a 
different carrying capacity on plant diversity occur as herbivores counteract the direct 
effects of competition.  In the absence of herbivores, asymmetries in carrying capacity 
allow one plant species to achieve a greater mass than the other.  Herbivores may balance 
the plant masses through consumption, easing the effects of interspecific competition and 
thus appearing to increase plant diversity, regardless of whether or not carrying capacity 
trades-off with plant defense.  Consequently, although herbivores maximize diversity 
when herbivory is relatively indiscriminant (with the exception of slightly favoring the 
faster growing species), they may still increase diversity while preferring the 
165 
“maladapted” species with the lower carrying capacity (upper-right and lower-left 
portions of fig. A1B-G).   
 
Figure A1—Carrying capacity-defense trade-off effects on species diversity.  (A) Values of β1,2 (i.e., 
the per unit mass effect of plant 2 on plant 1 relative to the effect of plant 1 on itself) at which herbivores 
have no effect on species diversity in relation to the carrying capacity for and attack rate on species 2.  All 
other parameters are as listed in Table 1.  The axis for k2 is reversed with values increasing from right to 
left to aid viewing.  The effects of herbivores on plant diversity, represented as the difference in species 
diversity (eSh) in the presence and absence of herbivores, are shown when (B) species do not compete, or 
β1,2 = 0, (C) β1,2 = 0.25, (D) β1,2 = β2,1 = 0.54 as in table 1, (E) β1,2 = 0.75, (F) β1,2 = 1, and (G) β1,2 = 1.75.  
Note the difference in scale for panels B-G (see text for explanation).  Changes in plant diversity are shown 
using the same scale as in figure 4. 
 
Competition-defense trade-off at different carrying capacities 
Herbivores produce analogous results on plant diversity in the presence or 
absence of a competition-defense trade-off when considered at different carrying 
capacities as when considered at different growth rates (e.g., fig. 5).  Consider the effects 
of replacing one species with another possessing a different competition coefficient (βj,i) 
and/or attack rate (ai) while holding the carrying capacity constant at different levels and 
setting R1 = R2.  We may determine the effects of herbivores on plant diversity for this 
trade-off at different values of k2 by drawing a plane in figure A1A parallel to the β1,2-a2 
plane.  In order for both species to coexist in the absence of herbivores, k2 must occur 
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above the point where the two surfaces intersect perpendicular to the β1,2-axis (equation 
A10 below).  At this minimum plane, herbivores increase diversity for all points that 
permit stable coexistence in their absence (fig. A2A).  As we consider combinations of 
β1,2 and a2 at greater values of k2, regions within which herbivores decrease diversity 
appear, shifting towards smaller values of β1,2 (fig. A2).  Stronger competitive 
asymmetries at greater values of k2 limit the maximum value of β1,2 where the two 
species coexist in the absence of herbivores, accounting for the changing scale in figure 
A2 (see below for description of surfaces in fig. A1A).  However, regardless of the value 
of k2, there exist points that allow herbivores to increase plant diversity regardless of a 
competition-defense trade-off. 
The competition coefficient trades off with defense in the upper-left and lower-
right portions of figure A2.  In these and all other regions of the graph, herbivores again 
increase plant diversity when consumption sufficiently counteracts the negative effects of 
competition.  As herbivores reduce the mass of both plant populations, they ease the 
effects of competition in all portions of figure A2.  However, increasing the attack rate on 
the competitively dominant species allows herbivores to increase diversity to a greater 
degree.  Consequently, as asymmetry in k increases, introducing herbivores is more likely 
to increase diversity in the absence of a trade-off as competition may still be counteracted 
despite stronger preferential attack.  Thus, introducing herbivores to a plant community 
can increase diversity irrespective of differences in carrying capacity or the presence of a 
competition-defense trade-off.   
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Figure A2—Competition-defense trade-off effects on species diversity at different carrying 
capacities.  The values of k2 (carrying capacity of species 2) at which herbivores have no effect on species 
diversity in relation to the competition coefficient of and attack rate on species 2 can be viewed in figure 
A1A.  The effects of herbivores on plant diversity, represented as the difference in species diversity (eSh) in 
the presence and absence of herbivores, are shown when (A) k1 = 3000, (B) k1 = k2 = 6000 as in table 1, (C) 
k1 = 9000, (D) k1 = 12000, (E) k1 = 15000, and (F) k1 = 18000.  Note the difference in scale in panels B-G 
(see text for explanation).  The axis for a2 is reversed with values increasing from right to left to aid 
viewing.  Changes in plant diversity are shown using the same scale as in figure 4. 
 
Derivation and description of carrying capacity-defense trade-off intersections in figure 
A1A 
The surfaces shown in figure A1A intersect when  
𝛽1,2 =
𝑘1(1 + 𝛽2,1)
𝑘2
− 1 
A derivation for this equation is provided below.  Thus, to maintain a perfect balance 
between N1 and N2, β1,2 must be inversely proportional to k2.  In other words, increasing 
the maximum achievable mass for a species must accompany a decrease in its 
competitive ability (and vice versa) to prevent its competitor from declining.  This 
[A10] 
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balance between N1 and N2 shown in equation A10 only applies in the presence of 
herbivores when herbivory is indiscriminant, or when a1 = a2 (see below for derivation).   
The surfaces shown in figure A1A are limited to conditions in which both plant 
species may stably coexist in the absence of herbivores (inequality 3.  Extending the 
surfaces beyond these bounds would be meaningless as only one plant species would 
occur in the absence of herbivores so that herbivores would always increase diversity.  
Consequently, we may rearrange inequality 3 to find the conditions within which the 
surfaces in figure A1A are bound:  
𝑘1
𝛽1,2
> 𝑘2 > 𝑘1𝛽2,1. 
Thus, as we increase β1,2, we must also decrease k2 to maintain coexistence, hence the 
different scales for figures 4B-G.  Additionally, k2 must be greater than the value on the 
right of the inequality to maintain stable coexistence.  As k1 and β2,1 are constant, we may 
only increase β1,2 until the values on the left and right of the inequality are equal.  In 
figure A1A, this limit is represented as the second, horizontal intersection of the two 
surfaces at the top of the graph.    
[A11] 
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Calculation 1: Intersection parallel to the β1,2-k2 plane (eq. A10) 
Given that N1 = N2 = N, R1= R2 = R, and H = 0 (i.e., herbivores are absent) 
𝑑𝑁1
𝑑𝑡
= 0 = 𝑅 (1 −
𝑁 + 𝑁𝛽1,2
𝑘1
) − (
𝑁𝐻𝑎1
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) 
𝑑𝑁2
𝑑𝑡
= 0 = 𝑅 (1 −
𝑁 + 𝑁𝛽2,1
𝑘2
) − (
𝑁𝐻𝑎2
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) 
𝑅 (1 −
𝑁 + 𝑁𝛽1,2
𝑘1
) − (
𝑁𝐻𝑎1
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) = 𝑅 (1 −
𝑁 + 𝑁𝛽2,1
𝑘2
) − (
𝑁𝐻𝑎2
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) 
𝑁 + 𝑁𝛽1,2
𝑘1
=
𝑁 + 𝑁𝛽2,1
𝑘2
 
𝑁(1 + 𝛽2,1)
𝑘1
=
𝑁(1 + 𝛽1,2)
𝑘2
 
1 + 𝛽1,2
𝑘1
=
1 + 𝛽2,1
𝑘2
 
𝛽1,2 =
𝑘1(1 + 𝛽2,1)
𝑘2
− 1 
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Calculation 2: Intersection parallel to the a2-k2 plane 
Given that N1 = N2 = N, R1= R2 = R, but herbivores are present (H ≠ 0) 
𝑅 (1 −
𝑁 + 𝑁𝛽1,2
𝑘1
) − (
𝑁𝐻𝑎1
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) = 𝑅 (1 −
𝑁 + 𝑁𝛽2,1
𝑘2
) − (
𝑁𝐻𝑎2
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) 
 
Rearrange and combine terms 
𝑅 (1 −
𝑁 + 𝑁𝛽1,2
𝑘1
) − 𝑅 (1 −
𝑁 + 𝑁𝛽2,1
𝑘2
) = (
𝑁𝐻𝑎1
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) − (
𝑁𝐻𝑎2
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) 
𝑅 (
𝑁 + 𝑁𝛽2,1
𝑘2
−
𝑁 + 𝑁𝛽1,2
𝑘1
) = (
𝑁𝐻𝑎1 − 𝑁𝐻𝑎2
1 + 𝑏𝑁∑ 𝑎𝑗𝑗
) 
 
Factor  
𝑟𝑁 (
1 + 𝛽2,1
𝑘2
−
1 + 𝛽1,2
𝑘1
) = 𝑁𝐻 (
𝑎1 − 𝑎2
1 + 𝑏(𝑎1 + 𝑎2)
) 
𝑟𝑁
𝑁𝐻
(
1 + 𝛽2,1
𝑘2
−
1 + 𝛽1,2
𝑘1
) =
𝑎1 − 𝑎2
1 + 𝑏(𝑎1 + 𝑎2)
 
 
Substitute for β1,2 from calculation 1 
𝑅
𝐻
(
 
1 + 𝛽2,1
𝑘2
−
1 +
𝑘1(1 + 𝛽2,1)
𝑘2
− 1
𝑘1
)
 =
𝑎1 − 𝑎2
1 + 𝑏(𝑎1 + 𝑎2)
 
 
Combine 
𝑅
𝐻
(
1 + 𝛽2,1
𝑘2
−
𝑘1(1 + 𝛽2,1)
𝑘2𝑘1
) =
𝑎1 − 𝑎2
1 + 𝑏(𝑎1 + 𝑎2)
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𝑅
𝐻
(0) =
𝑎1 − 𝑎2
1 + 𝑏(𝑎1 + 𝑎2)
 
Rearrange 
0 =
𝑎1 − 𝑎2
1 + 𝑏(𝑎1 + 𝑎2)
 
0 = 𝑎1 − 𝑎2 
𝑎2 = 𝑎1 
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Appendix 6: Logistic Growth Model 
Our model in the main text assumes that biomass can regrow rapidly (at rate ≈ Ri 
when Ni is small) from unmodeled stored energy.  To assess the dependence of our 
results on this regrowth assumption, we also considered a model in which we neglect 
stored energy and instead assume simple logistic growth of aboveground biomass (i.e., 
with growth rate ≈ ri Ni when Ni is small), 
𝑑𝑁𝑖
𝑑𝑡
= 𝑟𝑖𝑁𝑖 (1 −
𝑁𝑖 + 𝑁𝑗𝛽𝑖,𝑗
𝑘𝑖
) − (
𝑁𝑖𝐻𝑎𝑖
1 + 𝑏𝑁𝑖𝑎𝑖 + 𝑏𝑁𝑗𝑎𝑗
) 
The equation for herbivore mass remains as shown in equation 6. 
Following equations A12 and 6, the equilibria for a system with two plant species 
and a shared herbivore are: 
𝑁1
∗ =
𝑎2𝑟1 − 𝑎1𝑟2 + (
𝑚
𝑎2(𝑐 − 𝑚𝑏)
) (
𝑎1𝑟2
𝑘2
−
𝑎2𝑟1𝛽1,2
𝑘1
)
𝑟1
𝑘1
(𝑎2 − 𝑎1𝛽1,2) +
𝑎1𝑟2
𝑎2𝑘2
(𝑎1 − 𝑎2𝛽2,1)
 
 
𝑁2
∗ =
1
𝑎2
(
𝑚
𝑐 −𝑚𝑏
− 𝑎1𝑁1
∗) 
 
𝐻∗ =
𝑐𝑟1 (1 −
𝑁1
∗ + 𝛽1,2𝑁2
∗
𝑘1
)
𝑎1(𝑐 − 𝑚𝑏)
 
We used these equations to determine the effects of herbivores on plant diversity at 
equilibrium (Fig. A3-A4).  To remain consistent with the main text, we limited our 
analysis to parameter combinations that resulted in stable coexistence at a point 
equilibrium both with and without herbivores.  Stability was judged by calculating the 
dominant eigenvalue of the Jacobian matrix calculated at equilibrium [A2]-[A4] (not 
shown).  This model (like the well-known Rosenzweig-MacArthur model, of which this 
[A12] 
[A13] 
[A14] 
[A15] 
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is the 2-resource extension) shows stable limit cycles for some parameter combinations; 
exploring this behavior further would be interesting but is beyond the scope of this paper. 
Herbivores only increased plant diversity in the logistic-growth model in the 
presence of a defensive trade-off.  We illustrate some examples in Figures A3 and A4 
below.  In all cases where herbivores increase plant diversity, the preferred plant species 
is always superior to the other in terms of growth rate or competitive ability.  This stands 
in contrast to our findings with the regrowth model which show conditions in which 
herbivores may increase diversity while preferentially consuming the species that is 
inferior or equal to the other in all traits considered in the model.  The implications of 
these differences are considered in the main text of our manuscript. 
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Figure A3— Growth rate-defense trade-off effects on species diversity.  For simplicity, the effect of 
herbivores is represented as a binary response of either increasing (red) or decreasing (blue) plant diversity 
when (A) β1,2 = 0.1, (B) β1,2 = 0.3, (C) β1,2 = β2,1 = 0.5, (D) β1,2 = 0.7, and (E) β1,2 = 0.9.   Portions of the 
graphs without color represent parameter combinations without stable equilibria.  Parameters for species 1 
are represented by horizontal and vertical lines, dividing A-E into four portions with and without trade-offs 
as described in the text.  The a2 axis is reversed to aid viewing such that plant defense increases from left to 
right.  Unless otherwise stated, we used the following values to construct these graphs: b = 0.6; c = 1.0; m = 
1.0; r1 = 0.8; a1 = 0.025; β2,1 = 0.5; k1 = k2 = 100. 
  
175 
 
Figure A4— Competition-defense trade-off effects on species diversity when (A) r1 = 0.2, (B) r1 = r2 = 
0.5, (C) r1 = 0.8, and (D) r1 = 1.1.  Formatting and parameter values follow those provided for figure A3 
except when otherwise shown. 
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Abstract 
Experts and novices differ in the degree to which their knowledge of a topic is 
organized into interconnected, mental networks, or schemas, that promote learning and 
problem solving.  Consequently, the gap between experts and novices may narrow as 
novices organize their knowledge into functional schemas by identifying connections 
between their existing knowledge and new information.  We asked university biology 
students to identify connections between their existing knowledge or interests and new 
information before, during, or after a lecture on the optimal foraging theory.  Although 
forming connections, regardless of timing, did not directly affect quiz scores there are 
indications that this process may have indirect effects on learning.  As students identified 
more connections between their existing knowledge and new material, they increased the 
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likelihood of recognizing critical associations positively, but not significantly, associated 
with performance.  While the timing of this activity did not directly affect learning, it 
may exert indirect effects as students identified fewer connections after than before the 
lecture, decreasing the likelihood of recognizing critical connections.  
Introduction 
A common goal in education is to help students, or novices, develop expertise 
(Merrill, 2002; NRC, 2000), also referred to as literacy (Ebert-May, Brewer, & Allred, 
1997; Jordan, Singer, Vaughan, & Berkowitz, 2008), in topics ranging from introductory 
principles to the nuanced details of a discipline.  Regardless of the topic, expertise may 
be defined by the ability to draw upon existing knowledge to appropriately confront and 
solve problems (Gobet & Simon, 2000; NRC, 2000; Nehm & Ridgway, 2011; Regehr & 
Norman, 1996; Schmidt, De Volder, De Grave, Moust, & Patel, 1989; Silver, 1979).  In 
general, experts are more likely to identify the underlying concepts of a problem than 
novices, enhancing their ability to appropriately apply their knowledge (Nehm & Ha, 
2011).  This ability to diagnose the critical concepts of a problem is partially related to 
how experts organize their knowledge into mental networks (NRC, 2000; Nehm & 
Ridgway, 2011; Regehr & Norman, 1996). 
A key difference between experts and novices is that experts have organized their 
knowledge into mental networks, or schemas.  Schemas consist of interrelated “nodes,” 
or facts (Andre, 1997; Gobet & Simon, 2000; McVee, Dunsmore, & Gavelek, 2005), that 
aid both the recognition and recall of relevant information for problem solving (NRC, 
2000; Nehm & Ridgway, 2011; Regehr & Norman, 1996; Schmidt et al., 1989; van 
Kesteren, Rijpkema, Ruiter, Morris, & Fernández, 2014) as well as the physiological 
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processes underlying the storage of new, related information into long-term memory 
(Gobet & Simon, 2000; Ruiter, Kesteren, & Fernandez, 2012; Tse et al., 2007; van 
Kesteren, Rijpkema, Ruiter, & Fernández, 2010; van Kesteren et al., 2014).  By 
comparison, novices lack this mental organization, viewing all facts of an unfamiliar 
subject as disjunct, unconnected units of approximately equal importance (Gobet & 
Simon, 2000; Newman, Catavero, & Wright, 2012; Regehr & Norman, 1996; Schmidt et 
al., 1989).  Thus, novices are unable to differentiate critical versus superficial aspects of a 
topic (NRC, 2000; Nehm & Ha, 2011; Nehm & Ridgway, 2011; Newman et al., 2012; 
Silver, 1979) and have difficulty categorizing and storing new information into long-term 
memory (Andre, 1997; Regehr & Norman, 1996).  If we consider the process of storing 
information into long-term memory for eventual application as the foundation of learning 
(Gardner & Belland, 2012; see also Merrill, 2002), then it becomes critical to help 
student novices develop expertise through the development of accurate and coherent 
schemas (Gobet& Simon, 2000; Mayer, 1977; Merrill, 2002; Regehr & Norman, 1996). 
The degree to which knowledge is interconnected into a coherent schema is a 
continuous trait as evidenced by variability among experts and novices in their ability to 
correctly address problems (Gobet & Simon, 2000).  Indeed, biology students vary in 
their ability to accurately respond to complex biological questions with some doing as 
well or better than some experts (Nehm & Ridgway, 2011).  These precocious students 
may develop more complex and accurate schemas than their peers, both prior to and in 
the course of learning, thus aiding their problem solving abilities (e.g., Schmidt, 1989; 
Silver, 1979).  If so, then it may be possible to tighten the expert-novice gap by helping 
students categorize novel information into new or existing schemas. 
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Students can consciously develop schemas to improve learning by developing 
networks of connections between and within new and previous knowledge (Andre, 1997; 
Mayer, 1977; Merrill, 2002; Schmidt, 1989; Silver, 1979), thus narrowing the gap 
towards expertise.  However, as novices typically view unfamiliar information as isolated 
and unrelated units (Newman et al., 2012) they are unlikely to identify connections 
between topics unless prompted.  Moreover, because schemas are internal, neural 
structures (Tse et al., 2007; van Kesteren et al., 2010; van Kesteren et al., 2014) based on 
the culmination of a student’s experiences both in and outside of a classroom (McVee et 
al., 2005; Regehr & Norman, 1996), instructors cannot build schemas for their students 
(McVee et al., 2005; but see Mayer & Bromage, 1980). 
Although instructors cannot present pre-fabricated schemas, they can provide 
opportunities for students to develop their own schemas in relation to new information.  
Students develop schemas as they “activate” previous knowledge and identify how it 
connects with new facts by actively engaging material through exercises such as group 
discussions (Ebert-May et al., 1997; Schmidt et al., 1989) or individual brainstorming 
sessions (Allen & Tanner, 2003; Andre, 1997; Ebert-May et al., 1997; Merrill, 2002).  
Once in place, these schemas can then aid the storage and retrieval of new information 
(Andre, 1997; Merrill, 2002; NRC, 2000; Regehr & Norman, 1996); however, if students 
develop schemas that are unrelated to new material or contain misconceptions, then new 
information may be misinterpreted (Andre, 1997; McVee et al., 2005).  For example, 
students in evolutionary biology develop both appropriate and inappropriate schemas 
composed entirely of correct or incorrect principles, respectively (Nehm & Ha, 2011), 
which in turn are associated with high or low test scores (Nehm & Ridgway, 2011).  
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Thus, the type of schema used by students will also affect learning outcomes, 
emphasizing the need for not only helping students develop a schema, but an appropriate 
schema (Mayer, 1977).  Moreover, the importance of developing appropriate schemas for 
learning is likely to increase with the complexity of the discipline (Mayer, 1977). 
Such complexity is common in the field of biology where knowledge is highly 
hierarchical, densely interrelated, and calls upon many other disciplines (e.g., chemistry, 
physics, math, etc.; Michael, 2006; see also Nehm & Ridgway, 2011; Newman et al., 
2012).  Ecology, in particular, is identified by professionals and students alike as 
explicitly focusing on interrelationships among key concepts (Jordan et al., 2008; Powers, 
2010) such that well developed schemas are likely of critical importance to developing 
ecological literacy (i.e., expertise; Jordan et al., 2008).  However, college students often 
fail to advance in their ecological literacy as they progress through introductory biology 
courses (Cheruvelil & Ye, 2012).  Such failures may be mitigated or reversed as students 
more effectively organize knowledge into coherent schemas for future use.  
Unfortunately, theories of how knowledge is structured are not well studied in biology 
education (Nehm & Ha, 2011) so that it is unknown if schema formation can aid learning 
in biology and, if so, how to best do it (Gardner & Belland, 2012). 
We tested the hypothesis that as students identify connections between their 
existing knowledge and new information, they will be better equipped to store 
information in long-term memory for application at a later time.  We asked students in 
our treatment group to identify connections between their existing knowledge and new 
information presented in a lecture on the optimal foraging theory, a fundamental principle 
in ecology.  For comparison, we maintained a control group of students that spent a 
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similar amount of time reviewing related materials without identifying connections.  We 
measured learning in both groups using a short quiz.  We predicted that learning would 
increase in the treatment over the control group with the number of connections identified 
either as a result of (1) greater development of a schema through recognition and recall of 
pertinent facts or (2) greater existing knowledge of the topic. 
Given that some schemas are more effective in promoting learning than others, 
we also examined which schemas, if any, were most effective for learning about the 
optimal foraging theory.  Although instructors cannot develop a schema for their students 
(McVee et al., 2005), they can guide students in forming effective schemas if they know 
which schemas are most helpful in learning a given principle.  Schemas can be identified 
through free-word associations (Regehr & Norman, 1996), suggesting student responses 
to prompts asking for related topics, interests, or questions may also be used in 
identifying schemas developed and used by students.  Therefore, we compared common 
connections identified by students to determine if particular schemas are more important 
than others during the learning process.  If so, we predicted that some connections would 
have greater positive associations with quiz scores than others. 
Finally, we determined if the timing of schema formation in relation to receiving 
new information affects learning by assigning students to identify connections before, 
during, or after the lecture.  Preemptively preparing an appropriate schema may help 
students identify, categorize, and retain critical concepts presented as part of a new topic 
(Mayer, 1977; Merrill, 2002).  If so, students that identify connections before viewing the 
lecture should score higher on the quiz than students that identify connections during or 
after the lecture.  Alternatively, introducing a new topic before developing a related 
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schema may reduce the likelihood that students identify incorrect or irrelevant 
connections.  If this latter hypothesis is correct, then students that identify connections 
during or after the lecture should score higher on the quiz than students that identify 
connections before the lecture. 
Methods 
We tested the effects of forming connections between new and previously learned 
material on student learning before, during, and after instruction.  Students in the study 
were enrolled in the fall semester of 2013 in one of two junior-level laboratories at Iowa 
State University that reviewed ecological principles: general ecology (12 sections) and 
vertebrate biology (8 sections).  Laboratories were divided into class sections each 
containing ~24 students.  Students in the ecology laboratory covered principles of 
optimal foraging in preparation for a lab reviewing predator-prey interactions and their 
effects on prey populations.  Students in the vertebrate biology lab covered principles of 
optimal foraging in preparation for a lab reviewing the feeding ecology of predators in 
relation to specialized feeding structures.  Lecture hall classes associated with both labs 
reviewed the optimal foraging theory as part of their scheduled syllabus after the 
completion of the current study.  
This study was exempted by the Iowa State University Institutional Review Board 
from review as methods were limited to normal educational practices and data cannot be 
linked to individual participants (IRB ID 13-394). 
Design 
We randomly divided sections within each course among four treatments, with no 
more than one section per instructor receiving the same treatment.  All sections received 
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a 45-minute lecture from the lead author reviewing how prey defenses, and predator 
counter-offenses, affect predictions made by the optimal foraging theory.  Additionally, 
all students were given a short assignment.  Assignments in the treatment groups 
prompted students to identify connections between new and previous knowledge, 
interests, and questions.  Prompts were derived from those provided by Licklider & 
Wieserma (2005) and Tanner (2012) and are shown below (specific prompts for each 
treatment are available in the appendix material of this chapter): 
1. How does this topic relate or connect with other information you have learned? 
2. Why is it important to learn about this topic?  How does this topic relate to your 
career goals?  How does this relate to your life now? 
3. Pose at least three questions that you have about this topic that you want to find 
out more about. What do you need to actively go and do now to get your 
questions answered and your confusions clariﬁed? 
Depending on the treatment, students responded to the above prompts at different 
times in relation to the lecture.  In the “before” group, students completed the connections 
assignment in the week immediately before the lecture.  In the “during” group, students 
completed the assignment throughout the course of the lecture with three 3-minute 
periods provided to consider their responses.  In the “after” group, students completed the 
assignment in the week following the lecture. 
The control group assignment included reading, and answering questions based 
on two Wikipedia articles covering similar topics to the lecture (Optimal foraging theory1 
and Marginal value theorem2).  This assignment mimicked traditional educational 
                                                 
1 http://en.wikipedia.org/w/index.php?title=Optimal_foraging_theory&oldid=572557898 
2 http://en.wikipedia.org/w/index.php?title=Marginal_value_theorem&oldid=551461700 
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approaches while substituting for the time other groups spent making connections with 
the lecture material.  Questions assigned to the control groups included: 
1. When does optimal foraging theory predict a predator will eat a new prey item? 
2. What is giving up time? 
3. Give an example of a prey trait that increases searching or handling time. 
Additional factors other than connecting new information with existing 
knowledge and interests may also influence learning.  Therefore, students completed a 
survey one week before the lecture reporting gender, class year (i.e., year in college), and 
their interest in the topic of species interactions.  We gauged interest by asking students 
to respond to the following statements on a Likert scale (potential responses are available 
in the appendix material of this chapter): 
1. I think that how different species interact with each other is fascinating. 
2. I think that studying how different species interact with each other would be fun. 
3. I want to learn more about how different species interact with each other and how 
these interactions affect me and our world. 
4. I believe that a general understanding of how species interact with each another is 
valuable. 
Student interest was calculated as the mean response to these four statements. 
We assessed learning with a five question quiz one week after the lecture (quiz 
questions and the associated grading rubric are available in the appendix material of this 
chapter).  Students in all groups were informed of the quiz one week before and at the 
start of the lecture.  Both quiz questions and assignment prompts were verified by a group 
of ecology and evolutionary biology graduate students. 
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All students were informed of the study and its purpose before volunteering 
information.  Students were offered up to five points extra credit (~1% of final course 
grade) for participation in the study.  Students in the vertebrate biology class completed 
the quiz questions as part of a regularly scheduled exam. 
Connections 
We scored the number of connections students identified between their previous 
knowledge or interests and the lecture material in response to each assignment question.  
Connections included any instance where a student related lecture material to some other 
aspect of their lives, education, or interests.  If a student repeated a single connection 
topic in response to more than one question, we recorded it as a single connection when 
determining the total number identified by each student (see Table S1 in the appendix 
material of this chapter for a full list of connection topics identified by students).  
Restatements of material from the lecture in the case of the “during” and “after” groups 
were not considered as connections.   
All grading was conducted by the lead author and verified by the second author.  
Verification included re-grading 25% of student assignments from each treatment and 
comparing the number of connections counted by each grader using linear regression.  
Grading was consistent between graders for this subset (r2 = 0.663, P < 0.0001) indicating 
that the number of connections identified was an accurate depiction of student activity. 
We tested the effect of identifying connections on student learning before, during, 
and after receiving information by comparing quiz scores among treatments to those from 
the control groups.  Of those that participated in the study, 247 students (166 in general 
ecology and 132 in vertebrate ecology) completed the survey and assignment and so were 
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included in this stage of the analysis.  Of these, 51 were concurrently enrolled in both 
courses so that, in order to avoid duplication, only responses collected from these 
students in the ecology course, which participated in the study before the vertebrate 
biology course, were used in analyses. 
As the number of connections identified may also affect student performance, we 
compared the number of connections made by each student (Table S1) to quiz scores 
within each experimental treatment.  As the relevance of the connections identified may 
depend on the prompt used, we compared scores to the total number of connections 
identified as well as the number of connections identified in response to each individual 
prompt.  We also tested whether the number of connections identified differed in relation 
to student treatment or interest.  Students in the control group uniformly failed to identify 
any connections in their responses so that analyses regarding the number of connections 
formed necessarily omit this group.  Consequently, 197 students (128 in general ecology 
and 69 in vertebrate ecology) were included in these analyses. 
To determine which connections were most important in facilitating learning, we 
grouped all connections into one of 15 categories.  This grouping was necessary as 75% 
of the connection topics were identified by fewer than 3% of students, providing 
insufficient variation for analysis (mean number of students per connection: 9.473 
±1.790; median: 4; Table S1).  Categories were chosen by grouping similar connection 
topics with the single requirement that a category must have been identified by more than 
five students.  Students were marked as having identified connections in a given category 
or not, regardless of the number of connections made (Table S1).   
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We determined which categories were most strongly related to quiz scores using 
stepwise elimination.  The initial model included the treatment group and whether or not 
a student identified at least one connection in each category.  We used the “step” function 
in the lmerTest library (Kuznetsova, Brockhoff, & Christensen, 2014) with the restriction 
that the single random effect could not be eliminated.  Elimination of fixed effects 
proceeded using both forward and backward elimination.  We compared the likelihood 
that significant connections were identified among treatments using logistic regression. 
Analysis—General considerations 
All models described above analyzed results from the ecology and vertebrate 
biology laboratories together using mixed model ANCOVA with student gender, class 
year (i.e., freshman, sophomore, etc.), course (i.e., general ecology or vertebrate biology), 
and student interest included as fixed effects and course section as a random effect.  
Students with missing values were removed from the dataset for each individual model.  
All models were run in R (v. 3.1.0; R Core Team, 2014) using the lmer function, or glmer 
in the case of logistic regression, from the lme4 (Bates, Maechler, Bolker, & Walker, 
2014) and lmerTest libraries (Kuznetsova et al., 2014).  We examined differences 
between groups for significant terms using Tukey’s comparison between least squared 
means produced by the models. 
To ensure that treatment groups were similar in terms of class year and gender of 
students, we compared treatments with the Cochran-Mantel-Haenszel chi-squared test.  
Treatments did not differ in terms of the number of students in a given class year or 
gender (Χ2 = 4.0378, df = 9, P = 0.9089).  
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Results 
Treatment 
Students that took the interest survey in addition to completing the assignment 
and quiz had a mean interest score of 6.81 ± 0.06 out of 8 (85%, high values indicate 
strong interest), though scores had a strong negative skew.   
The average quiz score was 2.15 ± 0.06 (mean ± std. error) out of 5 (43%) and 
followed a normal distribution.  Neither student participation in the connection forming 
exercise nor the timing of participation (i.e., before, during, or after the lecture) directly 
affected quiz scores (Table 1).  Quiz scores were similarly unrelated to student interest 
and other covariates (Table 1). 
Connections 
In total, students that completed the connection-forming assignment identified 74 
types of connections overall (eight of which were specific to student career goals) 
between the lecture topic and their existing knowledge and interests (Table S1) with an 
average of 3.09 ± 0.109 connections per student (Fig. 1).  Specifically, students identified 
1.10 ± 0.064 connections for the first prompt referring to their previous learning, 1.32 ± 
0.062 for the second prompt referring to their interests, and 0.94 ± 0.064 for the third 
prompt requiring them to develop questions on the topic.  Overall, women made 
significantly more connections than men (0.65 ± 0.22 or 23%; Table 2).  The total 
number of connections identified also increased significantly by 0.29 ± 0.11 connections 
per one-point increase in interest (Table 2).  This increase in total connections was 
primarily driven by a positive relationship between student interest and the number of 
connections identified in relation to the second prompt referring to personal interests and 
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goals (0.20 ± 0.063 additional connections identified per one-point increase in interest; 
Table 2).   
Students identified a significantly different number of connections depending on 
when they performed the activity in relation to the lecture (Fig. 1, Table 2).  All students 
in the control group failed to identify any connections in their responses to the control 
assignment and so were not included in analyses regarding the number of connections 
identified.  Students that responded to the treatment prompts during the lecture identified 
0.77 ±0.25 (~29%) more connections than those that responded to the prompts after the 
lecture (P = 0.0058).  Differences in the total number of connections identified were 
driven by responses to the first prompt (Table 2), with students identifying 0.48 ± 0.16 
(~62%) more connections during than after the lecture (P = 0.0058).  Students also 
identified more connections before than after the lecture overall (mean difference: 0.65 
±0.29 or ~24%) and in response to the first prompt (0.32 ±0.18 or ~41%), though these 
differences were only marginally significant (total: P = 0.0677; prompt 1: P = 0.1817).   
Regardless of treatment, the number of connections identified by students overall 
or in response to individual prompts did not directly affect their performance on the quiz 
(Table 3).  However, the total number of connections identified was indirectly, though 
insignificantly, associated with performance on the quiz via the likelihood that students 
identified a single connection. 
Connections made between the lecture and population ecology represented the 
only category of relationships (Table S1) that was weakly related to quiz score based on 
stepwise regression (Fig. 2, F1,191.75 = 4.6006, P = 0.0332); however, after correcting for 
multiple comparisons this connection was not significantly related to quiz score.  Those 
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47 students that identified at least one connection with population ecology scored, on 
average, 0.3 points (6%) higher on the quiz than the remaining 150 students that failed to 
identify this connection (t191.8 = 2.14, P = 0.03).  All other fixed variables, including other 
connection categories, were excluded from the final model selected by stepwise 
regression. 
The likelihood that students identified at least one connection between the lecture 
topic and population ecology increased significantly with the number of connections 
identified both overall and in response to individual prompts (Table 4, Fig. 3).  However, 
despite the finding that students identified more connections during than after the lecture, 
the timing of when students identified connections was not directly related to the 
likelihood of identifying this connection.  Gender, course year, course, and interest were 
unrelated to the likelihood of identifying this connection. 
Discussion 
Identifying connections between previous and new information did not directly 
affect student learning, regardless of when the activity occurred (Tables 1 and 3); 
however, identifying connections may indirectly improve learning.  Students that 
identified a greater number of connections were more likely to identify the single 
category of relationships that was weakly, but positively, related to quiz scores: 
population ecology (Fig. 2-3).  Furthermore, students identified more connections during 
rather than after the lecture (Fig. 1, Table 2), suggesting that timing may also indirectly 
affect learning.  Additional research is necessary to determine whether these relationships 
are causative (i.e., forming connections leads to the identification of beneficial 
relationships) or correlative (e.g., students that already knew more about the subject were 
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also more likely to identify “correct” relationships).  However, our results suggest that 
students will benefit from reviewing critical, supporting concepts before moving on to, 
and while learning, more complex issues.  We consider each of our hypotheses and their 
implications in greater detail below. 
Does identifying connections aid learning? 
Neither the act of forming connections (Table 1) nor the number of connections 
identified (Table 3) directly affected student quiz scores.  Activating previous knowledge 
may have failed to improve student scores if (1) students already possessed well 
developed schemas before the study began, (2) students completely lacked previous 
knowledge related to the topic, (3) schema development has no effect on learning, or (4) 
if students were generally unable to develop appropriate schemas under the conditions of 
the study.  We consider each of these possibilities in detail below. 
First, students in all treatments may have begun the study with well-developed 
schemas capable of enhancing learning, thus eliminating potential differences in response 
to our connection forming treatment.  We selected our lecture topic based on the 
assumption that students would have some experience with the underlying principle of 
predator-prey interactions.  However, it may be that the principle was so familiar to 
students that they already possessed well developed schemas, precluding any effect of 
prompting students to develop a schema by relating new information with previous 
knowledge (Mayer, 1977; Mayer & Bromage, 1980).  Nevertheless, this explanation 
cannot account for the observation that the ~25% of students that related the lecture topic 
to population ecology, on average, outperformed the ~75% that did not.  If all students 
entered the study with developed schemas capable of enhancing learning, mean quiz 
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scores would be approximately equal in relation to all connections.  Thus, it appears that 
most students entered the study with either no or relatively unhelpful schemas. 
Second, the material taught in this study may have been so foreign to students that 
they could not relate it to their existing knowledge or build an appropriate schema.  
Relating new information to poorly or misunderstood concepts can be detrimental, 
compounding student confusion and preventing transfer to long-term memory (Ausubel 
& Youssef, 1963).  However, participants in this study were upper-level students that had 
completed prerequisite courses in introductory biology that included an introduction to 
predator prey ecology so that we find this conclusion unlikely (or, at worst, frightening). 
Third, developing schemas by connecting new and previous knowledge may be 
unrelated to student learning.  However, students that connected the lecture topic to 
population ecology tended to score higher than those that did not, suggesting that 
developing schemas may aid learning if they are associated with specific concepts.  Such 
specificity likely requires a greater degree of guidance during schema formation than 
provided in our study to generally improve learning, such as an analogy (Mayer & 
Bromage, 1980) or discussion (Schmidt, 1989) directed by the instructor.  This, along 
with previous work (Andre, 1997; Mayer, 1977; Merrill, 2002; Regehr & Norman, 1996; 
Schmidt, 1989; Silver, 1979; Tse et al., 2007; van Kesteren et al., 2010; van Kesteren et 
al., 2014), suggests that developing appropriate schemas can affect learning thus leaving 
our fourth explanation as being the most likely explanation for why activating previous 
knowledge failed to improve student scores. 
Fourth, and finally, students may have failed to develop schemas during the study 
as a result of limited incentive, time, or guidance.  Participation in the study was a single 
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event, offering up to five points extra credit (~1% of the final grade) rather than a 
semester-long process of learning that largely determined course grades.  Consequently, 
there was less incentive for students to invest effort in the connection forming activity 
than if it was repeated over the course of an entire semester.  Indeed, most students gave 
brief, poorly considered answers to assignment prompts such as, “It’s based on 
everything I learn,” and “It’s happening in the world around me,” suggesting only 
minimal effort was invested.  Furthermore, each student only identified an average of 
three of the 74 connections that were identified by all students (Fig. 1), again suggesting 
little effort was expended. 
Students may have also needed more time than we allowed in our study to fully 
develop schemas that would assist them in their learning.  In rats, new schemas take 
about a month to form de novo as physiological structures in the brain (Tse et al., 2007); 
however, we asked students to organize their existing knowledge rather than develop 
schemas de novo.  Aside from the physiological effects, students may still have benefited 
from more time to test and refine their schemas in relation to the lecture topic. 
Experts test and refine how their knowledge is structured as they confront new 
challenges, thus improving their abilities to solve future problems (Regehr & Norman, 
1996).  Similarly, students must also test their schemas in different contexts to recognize 
and correct faults in their understandings of how information is interrelated (Michael, 
2006; Nehm & Ha, 2011; Regehr & Norman, 1996).  Given that a student’s educational 
or cultural background contributes to the context in which they perceive new information 
(McVee et al., 2005; Nehm & Ha, 2011; Regehr & Norman, 1996), students can test their 
schemas by sharing their connections, and justifications, with their peers (Allen & 
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Tanner, 2003; Ebert-May et al., 1997; Silver, 1979).  Alternatively, instructors may 
provide opportunities for students to test schemas by reviewing concepts in relation to 
different scales, settings, or species (Novick & Catley, 2014), thus helping to identify and 
correct misconceptions.  For example, an instructor of ecology may review predator-prey 
interactions in relation to different hierarchies (e.g., effects on organisms, populations, 
communities, and ecosystems), taxa (e.g., plant resource acquisition, herbivory, 
parasitism, etc.), or parallel interspecies interactions (e.g., competition, mutualism, etc.).  
Such activities may improve the quality and quantity of connections identified by 
students, leading to improved opportunities for learning. 
Beyond time restraints, students may have also needed additional guidance on 
how to identify meaningful connections.  Students are not typically asked to connect new 
topics to their previous knowledge, making it difficult to form meaningful connections.  
We suggest that students may be better equipped to form meaningful connections as 
instructors provide examples or model this behavior before asking students to act on their 
own.  Instructors may provide examples of schema formation by discussing important 
relationships between previously learned topics (e.g., Schmidt et al., 1989; Ebert-May et 
al., 1997) and asking students to consider how this approach would affect their own 
learning (i.e., metacognition; Tanner, 2012).  As students gain experience in recognizing 
important connections between topics, they will likely become less reliant on guidance 
from their instructor. 
As our study was limited to a single hour-long presentation, students were unable 
to apply their schemas in different contexts, interact with their peers, or receive guidance 
on identifying meaningful connections, potentially limiting schema development.  Thus, 
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at a minimum, we can conclude that isolated or last-minute attempts to develop schema 
will not directly benefit students.  However, although the number of connections 
identified was not directly related to quiz performance, it was weakly, though not 
significantly, related to the likelihood that students developed a potentially worthwhile 
schema. 
Are some schemas more effective in promoting student learning than others? 
Although the number of connections identified by students was not related to quiz 
performance, performance did vary with the type of connection identified (Fig. 2), 
suggesting that specific knowledge structures facilitate the learning of specific 
information.  Therefore, pairings of previous and new information may exist that will 
maximize student learning as suggested by the positive trend between population ecology 
and student scores on the optimal foraging theory quiz.  Alternatively, the relationship 
between identifying this connection and increased quiz scores could be a result of 
academic “ability” or previous achievement; consequently, some students may be more 
familiar with concepts in population ecology and more likely to outperform their peers on 
a quiz about optimal foraging theory.  However, we would expect that in association with 
scoring higher on the quiz, more advanced students would also identify a greater number 
of connections from multiple categories, a relationship not observed in our study (Table 
3).  Furthermore, student experience, as indicated by class year, was similarly unrelated 
to the likelihood of identifying a connection with population ecology (Table 4) and quiz 
performance (Table 3).  Thus, we suggest that students may benefit from brief reviews of 
underlying topics and concepts (e.g., population ecology) to aid the development of 
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appropriate schemas before and while exploring newer, more complex theories as in the 
current study. 
This process of determining what a student must already know to build the 
prerequisite schema for learning a topic follows the concept of learning hierarchies 
(Gagné, 1968).  In a learning hierarchy, instructors must consider, “What would the 
individual already have to know in order to learn this new capacity…?” (Gagné, 1968; 
see also Mayer, 1977).  However, we add to this concept by suggesting that students 
should also review prerequisite knowledge shortly before or while learning new 
information.  Indeed, in our study only 25% of students identified relationships between 
the optimal foraging theory and population ecology without assistance. 
Although additional work will be necessary to determine which schemas best 
facilitate learning in different disciplines and topics, even “inappropriate” or “incorrect” 
schemas may still assist learning provided that students have time to test and develop 
them (Schmidt et al., 1989).  Developing an inappropriate schema can be helpful to a 
student when presented with the opportunity to test it against new problems (Merrill, 
2002), leading to abandonment of underlying misconceptions (Andre, 1997) as 
previously discussed.  Additionally, formative assessments can allow instructors to 
recognize and defuse misconceptions incorporated into student schemas (Andre, 1997). 
Does timing of schema development affect learning? 
The timing of the connection forming activity in relation to when students viewed 
the lecture did not directly affect performance on the quiz.  However, timing may have 
indirectly affected performance as students identified fewer connections after the lecture 
(Fig. 1), thus reducing the likelihood of identifying the connections that were positively 
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associated with quiz score.  Therefore, we suggest that students will benefit more from 
developing schema before or while reviewing new materials rather than solely reflecting 
on new concepts a posteriori through such common methods as reviewing notes and 
answering end of unit review questions.  Indeed, other studies show that schema 
formation before or in the early stages of receiving new information aids learning (Allen 
& Tanner, 2003; Ebert-May et al., 1997; Merrill, 2002; Schmidt et al., 1989). 
Future research 
Identifying connections between new and previous knowledge did not directly 
affect learning in the current study, possibly as a result of limited guidance and 
opportunities for students to develop and test their connections.  Therefore, we suggest 
that future studies should provide more detailed instruction for students on how to 
develop connections between topics that will assist learning.  For example, we 
recommend that students practice forming connections between familiar topics, share 
these connections with their peers, and brainstorm ways in which this activity could assist 
them in their learning.  Such practice sessions, coupled with opportunities for 
metacognition (e.g., Tanner, 2012), may help students realize the value of identifying 
meaningful connections in learning, resulting in more effective schema formation when 
presented with new material. 
Furthermore, future studies will likely benefit from allowing students more time 
to test and refine their schemas.  For example, as students share their connections with 
peers they will discover new connections while analyzing those they have already 
identified (Allen & Tanner, 2003; Ebert-May et al., 1997; Silver, 1979).  Additionally, 
instructors may provide opportunities for students to reassess their connections by 
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presenting information in a new context as we describe above (Novick & Catley, 2014).  
In either example, students must be allowed more than a single class session to develop 
and test connections between new and existing knowledge.  Indeed, the greatest effects of 
identifying connections may be seen as students are given the opportunity to do so 
throughout an entire course, suggesting that future studies consider time scales of months 
rather than days or weeks. 
While allowing students greater opportunities to develop meaningful connections 
will assist in determining the direct effects of this activity on learning, we also 
recommend additional research on the indirect effects of forming connections.  Our 
results suggest that identifying a greater number of connections indirectly improves 
learning by increasing the likelihood of identifying relationships with critical concepts; 
however, future research will be necessary to determine if this represents a causative 
relationship.  Future studies may examine this indirect effect by requiring students to 
brainstorm different amounts of connections between topics and viewing the effects on 
learning.  In our own study, students rarely listed more than the minimum number of 
connections when prompted with a specific number (i.e., the third prompt).  Therefore, it 
may be relatively easy to assign groups of students to identify different numbers of 
connections to determine if the number of connections increases the likelihood of 
identifying critical connections associated with improved learning. 
Finally, additional work will be necessary to determine if critical connections, 
such as population ecology in our study, positively affect learning or if these are artifacts 
of student experience.  Future studies may resolve this effect by asking students to focus 
on connections between specific topics and new material to determine if specific schemas 
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are necessary to improve learning.  Continued research on each of these points we have 
raised will contribute to our understanding of how schemas affect learning in biology. 
Application: Building schema to bridge the gap between novices and experts 
We found that developing an appropriate schema, or knowledge structure, can 
improve learning and tighten the gap between novices and experts; however, most 
students cannot do this unaided.  We suggest that instructors may assist schema 
development and, consequently, learning by reviewing previously learned concepts for 
students to connect with new information, such as population ecology in our study.  
Instructors may encourage the formation of connections between previously reviewed 
concepts and new information through analogies (Mayer & Bromage, 1980), student 
discussions (Schmidt et al., 1989; Silver, 1979), or by modeling schema formation.  In 
addition to the initial formation of schemas, such discussions will also allow students to 
test and improve their schemas in relation to course material (Michael, 2006; Nehm & 
Ha, 2011; Regehr & Norman, 1996).  The level of instructor involvement required while 
students initially develop schemas will likely decrease as students gain experience 
identifying meaningful connections.  However, such an approach does require instructors 
to look forward in their teaching, helping students grasp concepts that will become 
critical in developing appropriate schemas for future topics rather than identifying 
connections after presenting new material.  Consequently, effective teachers should 
consider the core concepts of a discipline as an integrated whole rather than component 
units or courses. 
 
 
200 
Acknowledgments 
We gratefully acknowledge J. Blanchong, D. Adams, A. Van der Valk, and T. 
Jurik, and the many TAs that allowed us to work with their classes; J. Wiersema for 
guidance and insights throughout the project; J. Wiersema, J. Colbert, and B. Danielson 
for feedback on early versions of this chapter; and the many students that participated. 
Works Cited 
Allen, D., & Tanner, K. (2003). Approaches to cell biology teaching: Learning content in 
context—problem-based learning. Cell Biology Education, 2(2), 73-81. 
Andre, T. (1997). Selected microinstructional methods to facilitate knowledge 
construction: Implications for instructional design. In Tennyson, R. D., Schott, F., 
Seel, N. & Dijkstra, S. (Eds.), Instructional design: International Perspective: 
Theory, Research and Models (Vol. 1, pp. 243–267). Mahwah, NJ: Lawrence 
Erlbaum Associates. 
Ausubel & Youssef, D. P., & Youssef, M. (1963). Role of discriminability in meaningful 
paralleled learning. Journal of Educational Psychology, 54(6), 331-336. 
Bates, D., Maechler, M., Bolker, B., & Walker, S. (2014). lme4: Linear mixed-effects 
models using Eigen and S4 (Version R package version 1.1-6). 
Cheruvelil, K. S., & Ye, X. (2012). Do college introductory biology courses increase 
student ecological literacy? Journal of College Science Teaching, 42(2), 50-56. 
Ebert-May, D., Brewer, C., & Allred, S. (1997). Innovation in large lectures: Teaching 
for active learning. BioScience, 47(9), 601-607. 
Gagné, R. M. (1968). Presidential address of division 15 learning hierarchies. 
Educational Psychologist, 6(1), 1-9. 
201 
Gardner, J., & Belland, B. (2012). A conceptual framework for organizing active learning 
experiences in biology instruction. Journal of Science Education and Technology, 
21(4), 465-475. 
Gobet, F., & Simon, H. A. (2000). Five seconds or sixty? Presentation time in expert 
memory. Cognitive Science, 24(4), 651-682. 
Jordan, R., Singer, F., Vaughan, J., & Berkowitz, A. (2008). What should every citizen 
know about ecology? Frontiers in Ecology and the Environment, 7(9), 495-500. 
Kuznetsova, A., Brockhoff, P. B., & Christensen, R. H. B. (2014). lmerTest: Tests for 
random and fixed effects for linear mixed effect models (lmer objects of lme4 
package) (Version R package version 2.0-6). 
Mayer, R. (1977). The sequencing of instruction and the concept of assimilation-to-
schema. Instructional Science, 6(4), 369-388. 
Mayer, R. E., & Bromage, B. K. (1980). Difference recall protocols for technical texts 
due to advance organizers. Journal of Educational Psychology, 72(2), 209-225. 
McVee, M. B., Dunsmore, K., & Gavelek, J. R. (2005). Schema theory revisited. Review 
of Educational Research, 75(4), 531-566. 
Merrill, M. D. (2002). First principles of instruction. Educational Technology Research 
and Development, 50(3), 43-59. 
Michael, J. (2006). Where's the evidence that active learning works? Advances in 
Physiology Education, 30(4), 159-167. 
National Research Council. (2000). How People Learn: Brain, Mind, Experience, and 
School: Expanded Edition. Washington, DC: The National Academies Press. 
202 
Nehm, R. H., & Ha, M. (2011). Item feature effects in evolution assessment. Journal of 
Research in Science Teaching, 48(3), 237-256. 
Nehm, R., & Ridgway, J. (2011). What do experts and novices “see” in evolutionary 
problems? Evolution: Education and Outreach, 4(4), 666-679. 
Newman, D. L., Catavero, C. M., & Wright, L. K. (2012). Students fail to transfer 
knowledge of chromosome structure to topics pertaining to cell division. CBE-
Life Sciences Education, 11(4), 425-436. 
Novick, L. R., & Catley, K. M. (2014). When relationships depicted diagrammatically 
conflict with prior knowledge: An investigation of students’ interpretations of 
evolutionary trees. Science Education, 98(2), 269-304. 
Powers, J. S. (2010). Building a lasting foundation in ecological literacy in 
undergraduate, non-majors courses. Nature Education Knowledge 3(10), 53. 
R Core Team. (2014). R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing. 
Regehr, G., & Norman, G. R. (1996). Issues in cognitive psychology: Implications for 
professional education. Academic Medicine, 71(9), 988-1001. 
Ruiter, D., Kesteren, M. R., & Fernandez, G. (2012). How to achieve synergy between 
medical education and cognitive neuroscience? An exercise on prior knowledge in 
understanding. Advances in Health Sciences Education, 17(2), 225-240. 
Schmidt, H. G., De Volder, M. L., De Grave, W. S., Moust, J. H. C., & Patel, V. L. 
(1989). Explanatory models in the processing of science text: The role of prior 
knowledge activation through small-group discussion. Journal of Educational 
Psychology, 81(4), 610-619. 
203 
Silver, E. A. (1979). Student perceptions of relatedness among mathematical verbal 
problems. Journal for Research in Mathematics Education, 10(3), 195-210. 
Tanner, K. D. (2012). Promoting student metacognition. CBE-Life Sciences Education, 
11(2), 113-120. 
Tse, D., Langston, R. F., Kakeyama, M., Bethus, I., Spooner, P. A., Wood, E. R., 
…Morris, R. G. M. (2007). Schemas and memory consolidation. Science, 
316(5821), 76-82. 
van Kesteren, M. T. R., Rijpkema, M., Ruiter, D. J., & Fernández, G. (2010). Retrieval of 
associative information congruent with prior knowledge is related to increased 
medial prefrontal activity and connectivity. The Journal of Neuroscience, 30(47), 
15888-15894. 
van Kesteren, M. T. R., Rijpkema, M., Ruiter, D. J., Morris, R. G. M., & Fernández, G. 
(2014). Building on prior knowledge: Schema-dependent encoding processes 
relate to academic performance. Journal of Cognitive Neuroscience, 26, 2250-
2261. 
Wiersema, J. A., & Licklider, B. L. (2009). Intentional mental processing: Student 
thinking as a habit of mind. Journal of Ethnographic and Qualitative Research, 
3(2), 117-127. 
  
204 
Tables 
Table 1—ANOVA results for quiz scores in relation to treatment and interest. 
Source numDF denDF F-value p-value 
Gender 1 222 0.7675 0.3819 
Class year 3 222 1.8886 0.1324 
Course 1 15 3.7029 0.0735 
Interest 1 222 0.3554 0.5517 
Treatment 3 15 0.3522 0.7882 
 
 
Table 2—ANOVA results for number of connections made (control group excluded) 
overall (Total) or in response to individual prompts. 
      Total connections   Prompt 1 
Source numDF denDF F-value p-value   F-value p-value 
Gender 1 177 7.0264 0.0088 
 
2.3103 0.1303 
Class year 3 177 0.3009 0.8247 
 
0.1789 0.9107 
Course 1 11 0.4508 0.5158 
 
2.2920 0.1582 
Interest 1 177 4.4672 0.0360 
 
1.928 0.1667 
Treatment 2 11 4.9772 0.0289   4.773 0.0322 
 
Table 2 continued 
      Prompt 2   Prompt 3 
Source numDF denDF F-value p-value   F-value p-value 
Gender 1 177 1.9118 0.1685 
 
0.2917 0.5898 
Class year 3 177 1.0342 0.3788 
 
1.3299 0.2662 
Course 1 11 3.4017 0.0922 
 
2.7819 0.1235 
Interest 1 177 8.7512 0.0035 
 
0.3219 0.5712 
Treatment 2 11 1.5882 0.2478   1.2960 0.3123 
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Table 3—ANOVA results for quiz score in relation to the number of connections made 
(control group excluded) overall (Total) or in response to individual prompts. 
      Total connections   Prompt 1 
Source numDF denDF F-value p-value   F-value p-value 
Gender 1 174 0.6281 0.4291 
 
0.6282 0.4291 
Class year 3 174 2.2576 0.0834 
 
2.2580 0.0834 
Course 1 11 2.3961 0.1499 
 
2.4116 0.1487 
Interest 1 174 0.0857 0.7701 
 
0.0849 0.7712 
Treatment 2 11 0.1778 0.8395 
 
0.1781 0.8393 
Connections 1 174 0.5145 0.4742 
 
0.0187 0.8913 
Trt x Conn 2 174 0.6288 0.5345   0.7168 0.4897 
 
Table 3 continued 
      Prompt 2   Prompt 3 
Source numDF denDF F-value p-value   F-value p-value 
Gender 1 174 0.6372 0.4258 
 
0.6378 0.4256 
Class year 3 174 2.2906 0.0800 
 
2.2926 0.0798 
Course 1 11 2.5316 0.1399 
 
2.5867 0.1361 
Interest 1 174 0.0813 0.7759 
 
0.0784 0.7798 
Treatment 2 11 0.1818 0.8362 
 
0.1825 0.8356 
Connections 1 174 1.3931 0.2395 
 
0.2440 0.6219 
Trt x Conn 2 174 0.3936 0.6752   0.4342 0.6485 
 
  
206 
Table 4—Logistic regression results for the likelihood of identifying a connection with 
population ecology (control group excluded) in relation to the number of connections 
identified overall (Total) or in response to individual prompts. 
   
Total connections 
 
Prompt 1 
Source numDF denDF F-value p-value   F-value p-value 
Gender 1 185 0.0436 0.8348 
 
0.0024 0.9610 
Class year 3 185 0.1339 0.9398 
 
0.1154 0.9510 
Course 1 185 0.5967 0.4408 
 
0.7216 0.3967 
Interest 1 185 0.1506 0.6984 
 
0.4385 0.5087 
Treatment 2 185 0.3970 0.6729 
 
0.8501 0.4290 
Connections 1 185 27.1055 <0.0001 
 
15.9760 <0.0001 
Trt x Conn 2 185 0.2255 0.7983   0.2820 0.7546 
 
Table 4 continued 
   
Prompt 2 
 
Prompt 3 
Source numDF denDF F-value p-value   F-value p-value 
Gender 1 185 0.0010 0.9748 
 
0.0355 0.8508 
Class year 3 185 0.0952 0.9626 
 
0.2405 0.8680 
Course 1 185 0.8125 0.3686 
 
1.0724 0.3018 
Interest 1 185 0.4774 0.4905 
 
0.4960 0.4821 
Treatment 2 185 0.2353 0.7906 
 
0.5195 0.5957 
Connections 1 185 16.1755 <0.0001 
 
6.7016 0.0104 
Trt x Conn 2 185 2.3216 0.1010   0.2239 0.7996 
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Figures 
 
Figure 1—Mean number of connections identified (±S.E.) for students that identified 
connections before (squares), during (circles), or after (triangles) the lecture.  While 
students in all treatment groups identified significantly more connections than those in 
the control group (not shown), students in the “during” group identified significantly 
more connections than those in the “after” group. 
208 
 
Figure 2—Quiz score change associated with connections, represented by the mean 
difference in quiz scores (±S.E.) for students that identified at least one connection in 
each category relative to those that did not.  After correcting for multiple comparisons, 
none of the categories shown was significantly related to quiz score; however, population 
ecology was the only category selected by stepwise regression (see text).  Quizzes were 
graded out of five points possible. 
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Figure 3—Proportion of students that identified a connection between the lecture 
material and population ecology in relation to the total number of connections they 
identified.  Numbers represent the sample size for each category and the dashed line 
represents the probability of identifying a connection with population ecology based on 
the logistic regression model. 
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Supplementary Materials: Assignment Prompts 
Early 
Considering predator-prey interactions and foraging, answer the following questions to 
the best of your ability. 
1. How does this topic relate or connect with other information you have learned? 
2. Why is it important to learn about this topic?  How does this topic relate to your 
career goals?  How does this relate to your life now? 
3. Pose at least three questions that you have about this topic that you want to find 
out more about. What do you need to actively go and do now to get your 
questions answered and your confusions clariﬁed? 
During 
As you listen to the lecture on predator-prey interactions and foraging, answer the 
following questions to the best of your ability.   
1. How does this information relate or connect with other information I have 
learned? 
2. Why is it important to learn about this material? How does this material relate to 
my career goals?  How does this relate to my life now? 
3. Pose at least three questions that you have about this topic that I want to find out 
more about. What do I need to actively go and do now to get my questions 
answered and my confusions clariﬁed? 
After 
Considering the lecture in lab on predator-prey interactions and foraging, answer the 
following questions to the best of your ability.   
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1. How did the ideas of today’s class session relate or connect with other 
information you have learned? 
2. Why is it important to learn about this material?  How does this material relate to 
your career goals?  How does this relate to your life now? 
3. Pose at least three questions about the concepts explored in class that you still 
cannot answer.  What do you need to actively go and do now to get your 
questions answered and your confusions clariﬁed? 
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Supplementary Materials: Survey Questions and Potential Responses 
1. I think that how different species interact with each other is fascinating. 
a. How different species interact is exciting and I am drawn to the topic (as in 
discussions, real world observations, etc.) 
b. Somewhere in between a and c 
c. How different species interact is interesting when I happen to notice the topic (as 
in discussions, real world observations, etc.) 
d. Somewhere in between c and e 
e. How different species interact is neither interesting nor boring when the topic 
arises (as in discussions, real world observations, etc.) 
f. Somewhere in between e and g 
g. How different species interact is boring/uninteresting to me and I generally do not 
dwell on the topic when I noticed it (as in discussions, real world observations, 
etc.) 
h. Somewhere in between g and h 
i. How different species interact is repulsive/repellent to me and I avoid situations in 
which the topic will arise (as in discussions, real world observations, etc.) 
2. I think that studying how different species interact with each other would be fun. 
a. I would willingly spend my free time learning more about how species interact 
b. Somewhere in between a and c 
c. Learning about how species interact is an enjoyable part of my class/career 
requirements but I would not spend my free time on the topic 
d. Somewhere in between c and e 
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e. Learning about how species interact is not fun but it is not boring either 
f. Somewhere in between e and g 
g. Learning about how species interact is dull but bearable 
h. Somewhere in between g and h 
i. Learning about how species interact is boring and a waste of time  
3. I want to learn more about how different species interact with each other and how 
these interactions affect me and our world. 
a. I want to pursue opportunities to learn about species interactions and their effects 
independently of course/career requirements (for example, I look for books, 
articles, websites, etc. on the topic) 
b. Somewhere in between a and c 
c. I am interested in learning about species interactions and their effects as the topic 
arises in course/career objective 
d. Somewhere in between c and e 
e. I am indifferent towards opportunities to learn about species interactions and their 
effects—I am not excited about it but I do not hate it either 
f. Somewhere in between e and g 
g. I do not enjoy learning about species interactions and their effects, but will do so 
to meet minimum requirements for course/career objectives 
h. Somewhere in between g and h 
i. I actively avoid situations requiring me to learn about species interactions and 
their effects 
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4. I believe that a general understanding of how species interact with each another is 
valuable. 
a. Understanding how species interact is critical to my ability to achieve goals in my 
course/career and personal life 
b. Somewhere in between a and c 
c. Understanding how species interact is helpful, but not necessary, in my ability to 
achieve goals in my course/career and personal life 
d. Somewhere in between c and e 
e. Understanding how species interact has no bearing on my ability to achieve goals 
in my course/career and personal life 
f. Somewhere in between e and g 
g. Understanding how species interact limits my ability to achieve goals in my 
course/career and personal life 
h. Somewhere in between g and h 
i. Understanding how species interact will prevent me from achieving goals in my 
course/career and personal life 
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Supplementary Materials: Quiz 
1.  Identify one method by which prey increase the amount of time a predator spends 
handling them. (1pt) 
1 pt—A correct method given 
0.5 pts—Identify defense mechanisms as a means to increase handling time 
without giving a specific method OR, give a correct example and an 
incorrect example 
0 pts—No/incorrect answer given 
 
2.  Consider a habitat in which the average prey is a lazy, pink blob that is easy to find 
and cannot protect itself.  Would you expect predators to be generalists or specialists in 
this habitat?  Why? (1 pt) 
Part 1: 
 0.5 pts—Specialists should focus on average prey… 
 0 pts—No/incorrect answer given 
Part II: 
 0.5 pts—...because few new prey items will have better E/t ratios 
 0.25 pts—…because predator wouldn't waste time finding something else 
when average prey are so easy to find BUT does not refer to E/t 
 0 pts—No/incorrect answer given 
 
3.  Consider an environment where the average prey is worth 500 calories.  Now imagine 
that you have observed a predator eating a new prey item that is only worth 250 calories 
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and that it took the predator 1 hour to kill and eat the new prey.  What conclusion can you 
reach based on this observation? (1 pt) 
a. The new prey item must have a search time greater than 2 hours  
 (0 pts) 
b. The new prey item must have a search time of less than 2 hours  
 (0 pts) 
c. The average prey must have a handling and search time greater than 2 hours
 (1 pt) 
d. The average prey must have a handling and search time less than 2 hours 
 (0 pts) 
e. No conclusion can be made based on this information   
 (0 pts) 
4.  This graph illustrates a shift in the relationship between 
the rate of energy gain and time for a patch.  The old 
relationship is represented by the dashed line and the new 
relationship is represented by the solid line.  What factors 
may cause a change such as the one shown here?  How 
will this change affect the giving up time for the patch? (1 pt) 
Part I: 
0.5 pts—Predators have decreased search AND/OR handling time 
0.25 pts—Identify change in search OR handling time, but do not identify 
both as a possibility 
0 pts— No/incorrect answer given 
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-0.25 points if student suggests a change in energy value for prey 
(minimum of 0 points for this portion) 
Part II: 
0.5 pts— GUT may increase if the remainder of the environment has a 
high E/t or decrease if the remainder of the environment has a low 
E/t.  Student must state that GUT can both increase or decrease for 
full credit. 
0 pts— No/incorrect answer given 
 
5.  Imagine that you are researching a predator that generally follows predictions made by 
the optimal foraging theorem; however, on occasion, this predator will eat a prey item 
that offers a lower energy intake rate (E/t) for the predator than the average for the 
environment.  Give a hypothesis for why this behavior is occurring along with your 
justification for why you think this is the case. (1 pt) 
1 pt—Student gives a reasonable hypothesis that does not violate predictions 
made by the OFT.  Examples include: 
The new prey may provide a critical nutrient not available in other prey 
items 
Predator testing handling time of new prey 
Prey so abundant predator not worried about maximizing E/t (even a 
lower E/t is sufficient) 
Poor health of predator temporarily affects foraging decisions (more 
likely to eat what it can) 
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Preference in taste or recreation 
Sudden and temporary change in environment 
Mistaken identity 
Higher energy prey not available at that time of day 
0.5 pts—Student gives multiple hypotheses with at least half correct 
0.25 pts—Student gives multiple hypotheses with at least one correct 
0 pts—Average prey are rare, low handling time of new prey, or other incorrect 
or no answers 
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Supplementary Materials: Institutional Review Board (IRB) Exemption 
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Supplementary Table 
Table S1—Connections topics sorted by category identified by 197 students in the 
treatment groups and the number of students that identified at least one connection for 
each topic.  The number of students that identified each connection is shown with the 
number of students identifying at least one connection per category in bold. 
Category Connection N     Category Connection N 
Animal behavior 25     Ecosystem ecology 47 
 
Animal behavior 25     
 
Ecosystem ecology 14 
   
    
 
Environmental effects 14 
Career–biology/ecology/management 84     
 
Food webs 17 
 
Career–Biology/ecology/management 84     
 
Phenology 3 
   
    
 
Trophic level 2 
Career–medicine 18     
   
 
Career–Medicine 9     Evolution 
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Career–Veterinary medicine 9     
 
Evolution 69 
   
    
 
Historical interactions 1 
Career–Other 25     
 
Phylogeny 1 
 
Career–General 13     
   
 
Career–Agriculture 3     Human application 76 
 
Career–Archaeology 1     
 
Agriculture 4 
 
Career–Climatology 1     
 
Biological control 1 
 
Career–Education 7     
 
Economics 2 
   
    
 
Human application 70 
Community ecology 32     
 
Human medicine 7 
 
Biodiversity 5     
 
Pest management 2 
 
Competition 1     
 
Sociology 1 
 
Feeding ecology 14     
   
 
Indirect interactions 1     Human impacts 22 
 
Keystone species 2     
 
Human impacts 18 
 
Mutualisms 1     
 
Introduced species 4 
 
Parasitology 5     
   
 
Plant interspecies interactions 4     Management/conservation 47 
 
Predator interactions 1     
 
Captive animals 1 
 
Symbiosis 1     
 
Conservation 34 
            Management 12 
Continued on next page 
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Table S1 continued 
Category Connection N     Category Connection N 
Organismal biology 72     Personal experience/observation 24 
 
Anatomy and physiology 6     
 
Internship/work experience 9 
 
Coloration 22     
 
Museums 1 
 
Energy budgets 4     
 
Personal observation 1 
 
Entomology 1     
 
Pets 9 
 
Intraspecies interactions 13     
 
T.V./Movies 6 
 
Locomotion 1     
   
 
Mammalogy 1     Population ecology 47 
 
Metabolism 2     
 
Distribution patterns 9 
 
Microbiology 3     
 
Migration 10 
 
Nutrition 4     
 
Population ecology 32 
 
Predator avoidance 8     
   
 
Predator learning 22     Previous biology course(s) 54 
 
Prey variability 1     
 
Class–Animal behavior 23 
   
    
 
Class–Ecology 11 
Other sciences 8     
 
Class–High school 4 
 
Calculus 1     
 
Class–Introductory biology 7 
 
Chemistry 2     
 
Class–Other 6 
 
Graphing 1     
 
Class–Vertebrate biology 8 
 
Modeling 2     
 
Reading journals 1 
 
Physics 3     
 
Seminars 2 
  Systems engineering 1           
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Reflection 
The limitations of my study described within chapter five are already well 
documented in the discussion.  Here, I will briefly review some of limitations that, in my 
view, are most important and how I plan to address these in future studies. 
Timing and practice 
Foremost among the limitations of my study is that developing schema by relating 
exiting and new knowledge may require additional guidance, repeated practice, and 
feedback over the course of a semester or, possibly, longer.  At the very least, my 
attempts to encourage schema formation within a single lecture proved ineffective.  
Therefore, I will conduct a revised version of this study over the course of the semester, 
during which time students will be asked to relate their existing knowledge to new 
information on a regular basis.  At the beginning of the study, students will receive 
instruction on how to identify relationships between information, including a 
demonstration modeled by an instructor.  Students in the control group will receive 
instruction on methods in note-taking without explicit guidance on identifying 
connections. 
Additionally, I will regularly provide students with several minutes at the start of 
class to share the relationships they have identified with their peers.  By sharing their 
responses, students would be allowed to identify new relationships between their existing 
knowledge and course materials.  Moreover, as students present and defend their 
incipient schema to peers, they will be challenged to refine or bolster their connections or 
topics (Silver 1979; Ebert-May et al. 1997; Allen & Tanner 2003).  Students in the 
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control group will spend an equal amount of time sharing their notes with peers to 
identify missing information or potential insights. 
Encouraging students to identify connections over a longer time frame will also 
allow me to more accurately gauge learning through entire course grades rather than 
short, individual assignments.   
Small assignments such as the five question quiz I used in my study allow a large 
degree of variability and so may not accurately measure learning.  By comparison, an 
amalgamation of grades collected throughout a course or unit represent a larger academic 
“scale” of measurement that may more accurately represent student learning and success.  
Moreover, I will also use regular surveys, including a final, open-ended survey to ask 
students if connection activities helped and why.  This will allow me to assess the effects 
of relating new and existing knowledge on immeasurable (or, at least, more difficult to 
measure) outcomes in learning.  For example, identifying connections between course 
material and previous knowledge may increase a student’s interest in or potential to apply 
a concept without necessarily improving their course grade.  If so, survey data paired 
with course grades will allow a more wholistic view into the effects of identifying 
connections on student learning. 
I predict that as students practice identifying connections between their existing 
knowledge and new information over the course of a semester, they will increase in their 
ability to develop meaningful schema in support of their learning.  If so, I will be more 
likely to detect potential effects of timing, whether before or after learning new 
information, in relation to schema formation and learning.   
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Types of connections 
A second limitation, or perhaps “opportunity,” presented in my study is the 
inability to determine which types of connections are more effective in supporting 
learning over others.  While my results suggest that some connections are more effective 
than others, this prediction was not included in my initial hypothesis or design.  
Therefore, I was limited in my ability to test the significance of each connection type 
identified by students in my study a posteriori.  Identifying which, if any, types of 
connections are most important in helping students build schema is important in fields 
like biology where learning is strongly hierarchical.  Therefore, in a future study, I will 
provide students with lists of pre-selected topics, requiring them to identify how course 
materials are related to each topic.  This will allow me to determine whether students 
should identify connection between critical topics to improve learning or if merely taking 
time to build “freeform” connections is sufficient. 
Conclusions 
As a result of these limitations, I view my study in this chapter as a preliminary 
work that will support future efforts in pedagogical research.  By testing the effects of 
schema formation over longer time frames, improving methods to assess learning, and 
focusing additional studies on schema formation in relation to specific topics, I will be 
better equipped to determine methods to improve learning in biology. 
Works cited 
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context—problem-based learning. Cell Biology Education, 2(2), 73-81. 
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CHAPTER 6. CONCLUSIONS 
Previous studies have long shown that herbivores are important determinants of 
plant diversity (e.g., Holt, 1977; Holt and Kotler, 1987; Holt et al., 1994; Chase and 
Leibold, 2003; Hillebrand et al., 2007; Borer et al., 2014).  However, the mechanisms 
through which herbivores affect plant diversity are not well understood.  My dissertation 
offers some clarity by (1) identifying an indirect method by which herbivores maintain 
plant richness (e.g., stabilizing community evenness), (2) refuting the commonly assumed 
mechanism that increased evenness in the presence of herbivores promotes plant richness 
through reduced competition for light while suggesting an alternative mechanism (i.e., 
elimination of predator-free zones for small mammals), and (3) disputing the common 
assumption that herbivores only promote diversity by preferentially consuming otherwise 
dominant species.  I consider each of these contributions in greater detail below. 
Chapter 2: Herbivores safeguard plant diversity by reducing variability in dominance 
In Chapter Two, I show that herbivores stabilize community evenness over time, 
limiting the intensity of pulses in dominance.  As stability in community evenness is 
associated with the maintenance of plant richness, the stabilizing effect of herbivores 
represents a mechanism for coexistence and diversity in plant communities.  However, 
the more proximal mechanisms by which pulses of dominance decrease plant richness 
remain unexplained as variability in light and biomass were unassociated with changes in 
richness.  More detailed studies considering the mechanism(s) by which community 
evenness affects plant diversity are necessary to fully determine the relationship between 
herbivores, community stability, and plant richness. 
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Although the more proximal mechanisms remain unknown, recognizing the 
effects of herbivores on the stability and, by extension, the richness of plant communities 
has important implications for conservation.  As variability in climate, disturbance, and 
other abiotic factors increase (Lloret et al., 2012; Lawson et al., 2015), combined with the 
loss and reduction of many herbivore populations (Dirzo et al., 2014; Ripple et al., 2015), 
the potential for losses in plant diversity in ecosystems around the world also increase.  
Conversely, efforts to retain and restore plant diversity may be aided by reintroducing or 
simulating herbivory when community stabilization is not possible as, for example, in the 
case of increased variability in annual rainfall, fires, and so forth.   
Chapter 3: Light is not a limiting factor to species richness in tallgrass prairies 
In Chapter Three, I show that shading in tallgrass prairies is, more often than not, 
insufficient to prevent carbon assimilation by seedlings in the sub-canopy as light 
availability frequently exceeds the minimum requirements for carbon assimilation.  
Moreover, I show that greater plant diversity, a factor commonly associated with 
decreased light availability (Tilman et al., 1996), increased seedling survival.  This begs 
the question: if low energy availability, as a result of low light, is not responsible for 
species loss following increased dominance by one or a few species, what is? 
The effects of shading cannot be considered in isolation from the effects of small 
herbivores.  Small herbivores such as rodents can respond positively to increased shading 
both numerically (Taitt and Krebs, 1983; Kotler et al., 1988; Johnson and Horn, 2008) 
and behaviorally (Kotler et al., 1991; Klaas et al., 1998; Jacob and Brown, 2000; Orrock 
et al., 2004; Orrock et al., 2008; Embar et al., 2013; Badano et al., 2015).  Thus, 
decreased herbivory from large, vertebrate herbivores such as deer may permit increased 
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herbivory by smaller herbivores that make foraging decisions on a finer scale, increasing 
the risk of predation for preferred plant species and preempting the direct effects of shade 
on seedling survival.  If so, predation by small mammals could explain observed declines 
in plant richness following chronic (Borer et al., 2014) and temporary increases 
community biomass.  Indeed, results from a preliminary study that I conducted in 
association with my work described in Chapter Three suggest that these effects may vary 
strongly across years in response to precipitation and herbivore populations, such that 
observed diversity in the field may result from brief “windows of opportunity” (sensu 
Balke et al., 2014). 
Chapter 4: Defensive trade-offs are not prerequisites to plant diversity in a two species 
model 
In Chapter Four, I develop a model showing that trade-offs between plant defense 
and growth or competitive ability are neither prerequisites nor guarantees that herbivores 
will increase diversity.  Herbivores may increase plant diversity in the absence of 
defensive trade-offs while preferentially consuming apparently maladapted species by 
limiting the negative effects of interspecific interactions.  Therefore, the importance of 
trade-offs in increasing diversity may not be as important, or as straightforward, as 
previously hypothesized. 
Results from this chapter complement those from the preceding chapters by 
showing that the positive effects of herbivores on plant diversity may occur as long as 
herbivores limit competitive interactions between species.  Thus, herbivores do not need 
to preferentially consume the most abundant species during short bursts of dominance or 
drawn out periods of low light availability in the subcanopy to increase plant diversity.  
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To the contrary, under relatively dry conditions, herbivores that leave some dominant 
species in the canopy to shade subordinate species may provide the greatest boon to plant 
richness by limiting competition while also maintaining facilitation by dominant plant 
species. 
Chapter 5: Building schemas to improve student learning in ecology 
In Chapter Five, I present a preliminary study on the effects of active schema 
formation on student learning.  While inconclusive, my results suggest that brief, 
inconsistent activities encouraging students to develop mental schema, or frameworks, by 
connecting new information to previous knowledge do not promote learning.  
Additionally, I show some evidence suggesting that relating new information to existing 
knowledge generally is not as effective as when students identify critical concepts related 
to course content.  Identifying the methods and concepts that best support schema 
formation in students will likely improve learning (Mayer, 1977; Silver, 1979; Schmidt, 
1989; Andre, 1997; Merrill, 2002), particularly in biology, a field distinguished as highly 
hierarchical, densely interrelated, and drawing upon many other disciplines (e.g., 
chemistry, physics, math, etc.; Michael, 2006; see also Nehm & Ridgway, 2011; 
Newman et al., 2012).  Therefore, I present a reflection on my study including thoughts 
on the next steps I will take in continuing to research this topic. 
Summary 
In conclusion, herbivores are important factors affecting plant community 
diversity.  More broadly, the previous sentence may be re-written by replacing the terms 
“herbivore” and “plant” with “consumer” and “resource.”  As consumer-resource 
interactions pervade ecology and many other fields, it is important that we understand the 
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mechanisms by which consumers influence the structure of their resource community.  In 
this dissertation, I have shown that herbivores may increase plant diversity by limiting 
even brief periods of dominance, though preferentially consuming those species that are 
dominant in terms of competitive ability or biomass is not a requirement or assurance of 
this outcome.  Moreover, I show that the proximal mechanisms by which herbivores 
increase diversity, specifically competition for light, are still not well understood.  Thus, 
more research is necessary to determine those mechanisms as well as the full range of 
conditions in which consumers may increase diversity or allow coexistence. 
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